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(i) 

ABSTRACT 


The  final  stages  of  the  autoxidation  of 
benzaldehyde  at  a  germanium  surface  have  been  examined, 
to  determine  the  composition  of  the  final  oxidation 
products.  While  the  main  product  is  benzoic  acid,  there  is 
an  appreciable  amount  of  a  stable  peroxide,  which  appears 
to  be  dibenzoyl  peroxide.  Other  possible  products  of  the 
termination  of  the  chain  reaction,  for  example,  benzil, 
were  not  detected. 

The  treatment  of  an  etched  germanium  surface  with 
an  irradiated  benzaldehyde  film  has  been  shovm  to  produce 
a  lower  surface  reccanbination  rate.  The  photoelectromagnetic 
method  was  used  for  these  measurements,  and  the  simplified 
procedure  followed  was  sufficient  for  comparative  purposes, 
althou^  not  rigorous  enou^  for  the  accurate  measurement 
of  absolute  values.  It  v/as  deduced  that  the  reduction  in 
the  surface  recombination  velocity  res^llted  from  an  increase 
in  the  surface  barrier  height,  brought  about  by  the  oxidising 
action  of  the  benzaldehyde.  This  conclusion  was  supported 
by  the  findings  of  the  1962  program,  in  which  improvements 
in  the  rectification  characteristics  of  surface-barrier 
diodes  were  also  attributed  to  an  increase  in  the  surface 
barrier,  following  the  same  treatment.  It  was  concluded 
that  the  irradiated  benzaldehyde  treatment  would  be  valuable 
for  the  final  processing  of  the  surfaces  of  semiconductor 
devices,  particularly  as  it  would  also  tend  to  clean 
the  surface  of  metallic  contamination. 

An  enheuiced  photoelectric  effect  has  been 
observed  after  applying  a  benzaldehyde  film  to  a  surface- 
-barrier  diode  on  n-type  germanium.  Using  the  theory  of 
charge  transfer  catalysis,  it  has  been  found  possible  to 
correlate  the  quantum  yield  of  the  reaction  with  the 
increase  in  efficiency  of  the  photoelectric  effect.  The 
quantum  yield  in  the  photoxidation  of  a  thin  film  of 
benzaldehyde  is  between  7  and  and  the  maximvun  corrected 
increase  in  efficiency  from  the  photo-electric  effect  is 
about  6  times,  which  shows  reasonable  agreement  with  the 
theory. 


(ii) 


It  has  not  been  possible  to  confirm  the  high 
sxirface  potentials  for  germanium  in  wet  oxygen,  recorded 
in  the  1962  program,  and  it  is  probable  that  errors 
resulted  from  the  indirect  null-method  of  measuring  the 
potentials.  It  is  still  possible  to  measure  potentials  of 
the  order  of  10  volts  at  infrequent  intervals,  but  the 
method  of  generation  of  such  potentials  is  not  known. 
Reliable  and  consistent  measurements  of  the  normal  surface 
potentials,  between  ^00  and  "JOG  mV  in  wet  oxygen,  have 
been  made  using  a  new  technique  with  a  glass  fibre 
probe,  in  conjunction  with  m  electrometer  voltmeter  having 
an  input  resistance  of  10^®  ohms.  The  glass  fibre  system 
is  able  to  probe  the  surface  layer  of  the  germaniim  without 
producing  any  mechanical  or  electrical  disturbance  of  the 
surface.  Interesting  effects  have  been  observed  by  varying 
the  anbient  and  introducing  a  short  circuit  or  an  applied 
potential  across  the  electrode  system.  The  decay  curve 
of  the  potential  on  removal  of  the  v/ater  vapour  is  inter¬ 
preted  as  a  measure  of  the  time  of  relaxation  of  slow 
surface  states  in  the  oxide  layer,  of  between  500  and  500 
seconds,  and  a  step-like  structure,  sometimes  observed, 
may  be  related  to  irregularities  in  the  oxide  structure 
or  to  a  apectrvun  of  energy  levels.  An  oscillatory  behaviour 
of  the  potential,  following  a  short  circuit,  has  been 
explained  i.i  terms  of  a  non-equilibrimn  distribution  of 
water  moleciiles  at  the  stirface,  in  conjunction  v/ith  the 
diffusion  time  of  holes  in  the  oxide  layer,  and  adjustments 
of  the  space-charge  potential.  The  concentration  of 
slow  states  at  a  germanium  surface  calculated  from  thg 
observed  potentials,  is  between  5  and  4  x  10^3  per  cm  . 

There  are  indications  that  the  probe  technique 
developed  may  also  be  useful  in  studying  the  properties 
of  oxide  films  on  metals. 
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1.0.  HTTOODUCTION. 

1.1.  The  present  account  is  a  oontinuat  i.on  of  tna  work 
reported  In  the  Final  Technical  Report  19to»  iinder  Contract 
No.  M  -  91  -  591  -  ETC  -  1698, 

1.2.  It  was  well  known  that  benzaldehyde  produced 
peroridea  in  an  autoxidation  process  when  exposed  to  li^t  in 
the  preaenoe  of  oxygen,  (1,  2,  5»  4)  end  the  active  oxidising 

,,  agent  had  been  used  for  tiie  prepara'cion  of  acetyl  bensoyl 
peroxide  by  ndxing  b<m®aldeh^e  with  acetic  anhydride  Twfore 
irradiaticn  (5,.  6.). 

•  1.3.  In  the  Pinal  Report,  1962,  the  chsoioal  and  {hysioal 
changes  taking  place  at  a  germanium  crystal  friirface,  in  the 

( .preaence  of  a  film  of  benzal-iohydo  and  ultraviolet  irradiation,  ■ 
were  examined,  Hie  'ohemioal  reartior.s  were  studied,  to  determine 
whether  the  semiconductor  surface  had.  any  catalytic  action,  either 
,  poaitive  or  negative,  and  whether  this  action  was  influenced  by 
dislocation  oonoentration  or  an  exxsess  of  donor  or  occeptor  centres 
in  the  bulk  of  the  osystal.  Hie  eleotriceJ.  measurementa.tjrere 
designed  to  measure  any  physical  changes  in  the  surf  ace .  Inyer  of 
the  semiconductor  after  photochemi''al  treatment,  and  observatiens 
'f  reot '.'-'.cation  efficiency  at  suriace  barrier  contacts  and  of 
surface  charge  were  made, 

1<.4*  It  waa  concluded  -that  the  benzaldehyde  was  oxidized,  tc 

benzoio  acid  with  a  quantum  yield  of  about  7  in  366  mu  radiat;LOh, 
and  that  -the  oxidation  was  a  Ist  order  reaction  after  the  first 
few  minutes.  No  significant  difference  in  reao.tion  ra-fce  was 
found  be 'tween  the  surfaoes  of  n--type  germanium,  p-type  germanium 
or  glass,  suggesting  that  the  germanium  was  showing  no  specific 
catalytic  activity.  Hie  reaction  rate  was  aimixar  for  both  ground 
and  etched  surfaoes,  indicating  that  dislocation  density  did  not 
influence  the  reaction.  All  surfaces  behaved  as  negative  oatalystn 
by  removing  the  ohain-oanylng  radicals  produoed  in  the  irradiation. 

1.-5.  Hie  eleo-trioal  measurements  showed  that  the  treatment 
of  n-tyP^  germanium  rorfaces  with  an  irradia-ted  film  of 
benzaldehyde  improved  the  reveroe  impedance  of  surf aoe> barrier 
rectifying  oonfaota.  Hie  effect. was  apparently  produoed  by  free 
radicols  or  peroxides,  which,  it  fas.  suggested, .  created  a  peimianent 
increase  in  the  number  of  surface  states,  or  a  modification  of  the 
atz^eture  or  thiokness  of  -the  surface  oxide  l^rer. 

1.6,  Large  eleotroatatio  charges  were  observed  at  the  surfaces 
of  n-lype  germanivun  in  an  atmosphere  of  wet  Ofygen  or  argon. 

During  measurements  Of  oontaot  potential,  voltages  of  up  to  100 
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were  obaeived  in  some  oases.  !Ihe  formation  of  the  potential  was 
assisted  by  i>re- treatment  of  the  stirfaoe  with  an  irradiated  film 
of  bensaldehyde.  Hi^  potentials  were  mow  diffioult  to  obtain 
on  p-type  germanixim  or  p-type  silioon.  Die  magnitude  of  the 
potential  was  diffioult  to  explain,  but  appeared  to  be  derived 
from  positive  oharges  at  the  oxide- gas  interface,  induced  by  the 
adsorption  of  water  moleoulea,  ChMge  aooumulation  was  not  found 
to  be  responsible, 

1.7.  The  affinity  of  the  germanium  surface  for  eleotron-donor 
moleoulea,  of  water,  for  example,  and  the  failure  to  produce 
specific  catalytic  effects  in  the  oxidation  of  bensaldehyde, 
demonstrated  that  the  surface  was  predominantly  an  eleotron- 
aooepting  oatalyat.  Ihis  condition  is  the  result  of  the  hi£^ 
oonoentration  of  slow  acceptor  states  at  the  oxide-gas  interface, 
which  oontrols  the  catalytic  behaviour, 

1.8.  Some  brief  observations  ware  made  of  the  hi^  photo- 
ourrenta  produced  at  a  point  contact  rectifier  in  the  presence  of 
bensaldehyde  and  stabilizing  agents  and  it  appeared  that  complex 
ohemioal  and  physical  processes  might  be  involved. 

1,9*  In  the  continuation  of  the  work,  it  was  decided  that  it 
would  be  helpful  to  confirm,  if  possible,  the  formation  of 
perbensoic  acid  during  the  irradiation  of  the  bensaldehyde  film 
and  also  identify  the  other  products  of  reaction;  the  final 
amount  of  benzoio  acid  produced  was  about  20^  less  than  the 
theoretical  value,  based  on  the  decomposition  of  the  bensaldehyde. 
The  physical  measurements  required  a  more  critical  examination, 
and  more  accmrate  measurements  of  the  high  potentials  previously 
recorded  at  the  semiconductor  surfaces  in  wet  oxygen.  It  was 
decided  to  compare  the  effect  of  bensaldehyde  in  activating  the 
germanium  surface  for  rectifying  contacts  with  its  effect  on 
surface  recombination  rate,  using  the  photomagneto  electric  effect. 
It  appeared  likely  that  the  new  program  Of  measurements  might 
provide  further  useful  Information  on  slow  surface  states  at  the 
oxide- gas  interface,  and  give  a  better  evaluation  of  the 
applicability  of  the  bensaldehyde  treatment  to  semiconductor 
devices.  Ifore  detailed  measurements  of  the  photoelectric  effect 
in  the  presence  of  bensaldehyde  were  required,  which  might  show 
correlations  with  the  ohemioal  and  physical  data  already  obtained. 

2,0.  OmmE  OF  TEE  EXIERIMEWTS. 

2,1.  Chemical  work. 


2.1.1.  Following  similar  procedures  to  the  earlier  wozk, 
single  oxystal  samples  were  used  in  all  the  experiments  and 
reactions  were  carried  out  on  prepared  (1.1,1.)  surfaces  in  an 
oxygen  atmosphere.  The  area  of  oxystal  suz^aoe  available  for 
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reaction  varied  between  1  cm  and  3  cni  ,  depending  on  the  sample 
used.  Both  germanium  and  silicon  crystal  samples  were  available 
for  testing. 

2.1.2.  The  main  objectives  of  the  work  were  to  confirm  the 
variation  in  the  concentration  of  perbenzoio  acid  during  the 
oxidation  of  benzaldehyde  and  to  identify,  if  possible,  the 
ether  final  reaction  products,  apart  from  benzoic  acid. 

2.1.3.  The  Pinal  Report  1962  has  described  the  estimation  of 
the  total  acid  formed  (computed  as  benzoic  acid)  by  a  titration 
method.  The  resiction  products  were  washed  from  the  surface  of 
the  germanium  with  acetone,  and  after  admixture  with  water  were 
titrated  eleotrometrioally  with  sodium  hydroxide  solution.  Pull 
details  are  given  in  Sect.  3*3*7>  and  Sect.  3*5  of  that  report. 

Typical  titration  curves,  illustrated  in  Pig.  22  of  the  same 
report,  revealed  the  presence  of  two  acidic  components  in  the 
product,  as  shown  by  a  double  inflection  in  the  curve.  The 
doubl-  inflection  was  most  pronounced  when  titrating  the  products 
of  the  first  few  minutes  of  irradiation  and  had  completely 
disappeaired  after  50  minutes  of  irradiation.  Comparison  with  a 
blank  curve  ..-.d  a  curve  for  pure  benzoic  acid,  suggested  that  the 
acid  formed  in  the  intermediate  stages  of  the  reaction  was  a 
stranger  acid,  with  an  end  point  at  a  lower  potential  than  benzoic 
acid..  It  was  concluded  that  the  compound  was  probably  perbenzoio 
acid,  as  this  was  known  to  be  the  first  stable  product  of  irradiation. 

2,1.4*  It  was  decided  to  attempt  to  confirm  the  presence  of 
the  two  separate  acide  by  an  independent  meti.od,  and  to  observe 
their  variation  in  concentrat,ion  as  the  reaction  proceeded. 

The  only  alternative  method  of  carrying  out  this  estimation 
which  W£is  available  (in  view  of  the  very  small  quantities 
involved)  was  the  gas  chromatograph.  However,  as  detailed  in 
Sect.  2.1,3.  of  Pinal  Report  1962,  we  had  experienced  difficulties 
in  estimating  benzoic  acid  in  our  apparatus,  and  had  concluded 
that  high  temperatures  above  220°C.  were  necessary  to  obtain 
elution  of  the  acid  in  a  reasonable  time.  Oxidation  of 
benzaldehyde  and  decomposition  of  perbenzoio  acid  would  both  be 
rapid  at  the  high  temperature,  and  it  appeared  unlikely  that 
meaningful  figures  would  be  easy  to  obtain.  It  was  clear  that 
further  investigation  and  development  of  the  method  for  benzoic 
acid  on  the  gas  chromatograph  was  essential  before  any  further 
progress  could  be  made.  In  these  investigations,  the  use  of 
shorter  columns  and  different  stationary  phases  were  investigated, 
and  it  was  found  that  temperatures  of  220  G,  or  higher  were  not  in 
fact  necessary. 
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2.1.5.  In  Seot.  5.2,11  of  Pinal  Report  1962,  it  was  shown  that 
in  the  oxidation  of  henzaldehyde  at  an  irradiated  geraaai^lIn 
surface,  the  final  amount  of  benzbio  acid  produced  was  23.59^  less 
than  the  theoretioal  value,  baaed  on  the  amount  of  henzaldehyde 
consumed.  It  was  considered  that  benzoin,  dibenzoyl  peroxide 
and  benzil  were  other  possible  products  of  the  reaction.  All 
these  compounds  have  high  boiling  points  and  it  wag  necessaiy 

to  operate  the  gas  chromatography  column  above  200°C,  to  provide 
a  chance  of  eluting  them  within  a  reasonable  time.  The  column 
used  for  these  experiments  weis  shortened  from  24O  cm,  to  60  cm, , 
which,  together  with  a  higher  gas  flow  rate  and  the  use  of  silicone 
higdi  vacuum  grease  as  the  stationary  phase,  greatly  deoreaised  the 
retention  time  for  compoxmds  of  low  volatility, 

2.1.6.  For  the  detection  of  perbenzoio  acid,  benzoin, 
dibenzoyl  peroxide  and  benzil,  the  irradiated  material  was 
washed  from  the  crystal  surface  with  small  quantities  of 
chloroform,  not  exceeding  a  total  of  5  ml.  The  solution  volume 
was  standardized  at  5  ml.  in  each  experiment,  as  this  was  d>out 
the  minimum  quantity  irtiioh  would  ensure  a  complete  washing  of 
the  sample.  Even  so,  the  sample  concentration  was  rather  small 
considering  that  only  1  miorolitre  of  solution  could  be  injected 
into  the  gas  chromatograph}  this  increased  the  difficulty  of 
detecting  minor  constituents  of  the  sample, 

2.1.7.  Other  confirmatory  chemical  reactions  were  available 
to  support  the  gas  chromatography  work.  For  example,  the 
liberation  of  iodine  from  acid  potassium  iodide  solution  would 
show  the  presence  of  peroxides,  i.e,,  perbenzoio  acid  early  in 

the  irradiation  period,  or  benzoyl  peroxide  in  the  final  oxidation 
products.  Benzoin  could  be  detected  by  the  sensitive  fluorescent 
reactions  with  boron  or  silicon  solutions.  (7,  8,  9»  10.). 

2.1.8.  The  ultra-violet  radiation,  in  the  range  365-366  m}i 
was  provided  by  a  Hanovia  25O  watt  mercury  lamp,  fitted  with  a 
double  black  glass  filter.  For  the  absolute  measurement  of 
radiation  intensity  a  chemical  actinometer  was  used,  utilizing 
the  isomerisation  of^aitrosobenzoio  acid,  which  has  a  quantum 
yield  of  0,5.  This  loeasurement  is  fully  described  in  Seot,  3.3*8, 
Final  Report  1962.  For  routine  purposes,  radiation  intensity  was 
usually  measured  with  a  photocell  and  microammeter. 

2.1.9.  All  chemical  measurements  were  carried  on  the  etched 
surface  of  one  ample  of  n-type  germanium  crystal,  as  previous 
work  had  revealed  that  the  doping  of  the  crystal  or  the 
dislocation  density  had  no  significant  effect  on  the  progress 
of  the  chemical  reaction. 
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2,2.  Physical  Measurements. 

2.2.1.  A  more  detailed  examination  of  the  formation  of  the 
high  potentials,  previously  recorded  during  contact  potential 
measurements,  was  one  of  the  main  objectives  of  the  physical 
studies.  It  was  also  decided  that  it  would  be  valuable  to 
measure  the  effect  of  benzaldehyde  treatment  on  the  surface 
recombination  rite  at  an  etched  surface;  such  data  would  be 
complementary  to  the  results  of  rectification  measurements, 
previously  reported,  and  would  provide  additional  evidence  for 
evaluating  the  benzaldehyde  process  for  the  final  surface 
treatment  of  semiconductor  devices.  ]?urther  experiments  v/ere 
required  on  the  generation  of  photoelectric  voltages  at 
rectifying  point  contacts  in  the  presence  of  benzaldehyde s  it 
was  considered  that  a  theory  \7hich  would  explain  the  effects 
produced  might  also  be  heljfcl  in  v.j'ifying  the  chemical  observations. 

2.2.2,  Because  of  the  unusually  high  values  recorded  in 

the  contact  potential  experiments,  some  doubts  were  felt  about 
the  method  of  generation  of  these  potentials  and  their  inter¬ 
pretation.  It  r:as  regarded  as  essential  to  make  further 
careful  tests  of  the  existirig  measuring  equipment  and  to  take 
steps  to  obtain  more  accurate  apparatus,  on  v/hich  direct  readings 
of  the  polarity  and  magnitude  of  the  voltages  could  be  taken. 

2.2,5.  The  original  contact  potential  apparatus  used  a  fixed 
platinum  reference  electrode,  very  closely  spaced  from  the 
surface  being  measured.  The  potential  picked  up  by  the  electrode 
was  fed  into  a  vibrating  capacitor,  to  convert  it  to  an  a.  c. 
voltage,  following  the  technique  of  Pelevsky  et  al.  (ll),  and 
the  voltage  was  amplified  and  displayed  on  an  oscilloscope. 

This  method  of  measurement  was  not  direct-  reading,  nor  was  there 
any  direct  indication  of  the  polarity  of  the  voltage;  both 
amplitude  and  polarity  had  to  be  determined  by  using  a  backing-  off 
voltage  from  a  potentiometer  network.  The  response  time  of  the 
input  circuit,  including  the  backing-  off  net\7ork,  was  slow,  making 
it  difficult  to  follow  a  rapidly  changing  voltage. 

2.2.4.  -A  series  of  repeat  experiments  was  first  carried 
out  on  the  oiiguial  contact  potential  apparat’as,  following  the 
same  technique  described  in  Sect.  4-9,  Pinal  Report  1962. 

Germanium  sxirfaoes  were  prepared  by  etching  in  sodium  perborate 
solution  or  CPI  etch.  (CPI  etoh  is  prepared  from  50  ml.  cone.  - 
HP,  50  nil,  cone.  HNO^,  50  ml.  glacial  acetic  eicid  and  0,07  g- 
I-).  The  surfaces  TOre  exposed  to  the  well  known  dry  oxygen  - 
wet  oxygen  cycle,  originated  by  Brattain  and  Bardeen  (12,  I3) 
and  potential  changes  were  recorded;  the  effect  of  treating  the 
sxirface  with  an  irradiated  benzaldehyde  film  was  also  studied. 
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As  tViS  results  obtained  were  less  promising  than  those  obtained 
in  the  first  series  of  experiments,  f'  rther  v/ork  v'as  continued 
using  commercial  equipment,  tiie  E.  I.L.  Vibron  Electrometer 
Model  33c  (manufactured  by  Electronic  Instruments  Ltd.,  Richmond 
Surrey,  England). 

2.2.5.  A  new  electrode  assembly  was  used  in  conjunction  with 
the  E.I.L.  electrometer.  This  instrument  was  still  not  ideal 
for  this  investigation,  as  it  had  a  maximum  reading  of  only  one 
volt,  and  therefore  a  backing-off  circuit  was  still  required; 
while  the  high  input  impedance  was  useful,  it  produced  a  very 
slow  response  to  changes  in  the  backing- off  potential.  A 
further  series  of  experiments  was  carried  out  with  the  E.I.L. 
Model  33c  to  investigate  methods  of  generating  high  potentials 
at  the  electrodes,  and  the  effect  of  foreign  particles  in  the 
electrode  gap  (e.g.  fibres  and  water  droplets).  Readings  on 
the  E.I.L.  inetnunent  were  also  comp., red  directly  with  those 
obtained  on  the  original  nieasuring  equipment. 

2.2.6.  At  the  time  the  E.I.L,  instrument  was  being  used 
there  v/as  no  equipment  on  the  mrket  for  the  direct  measure¬ 
ment  of  L.C,  potentials  up  to  100  volts  with  an  input  resistance 
of  10^5  to  10^°  ohms.  One  of  the  objectives  of  the  new  work 
was  to  couple  a  direct-reading  instrument  to  a  recorder  and 
obtain  more  accurate  records  of  the  rise  and  decay  of  the 
potentials  as  damp  oxygen  was  introduced.  Suitable  equipment 
was  under  development  by  both  E.I.L,  and  V/ayne-Kerr  Ltd., 

(New  Malden,  Surrey,  England)  euid  steps  were  taken  to  obtain 
the  Wayne-Kerr  Precision  Electrometer  M  141  as  early  as  possible 
Unfortunately,  due  to  production  difficulties,  this  instrument 
was  not  available  until  the  last  few  weeks  of  the  contract, 
althou^  it  was  possible  to  carry  cut  a  number  of  useful 
meas' re  er.ts,  including  the  rate  of  generation  and  decay  of  the 
surface  potentials. 

2.2.7.  To  provide  fxirther  information  on  the  effect  of 
benzaldehyde  on  surface  properties,  surface  recombination  rate 
measurements  were  carried  out  using  the  photoelec troniagnetic 
effect  (14) (15).  Thin  samples  of  germanium  were  provided  with 
two  ohmic  contacts  on  one  face  and  the  sample,  with  connecting 
leads,  was  mounted  in  a  block  of  "Araldite",  Itaving  the  plain 
face  exposed.  The  exposed  face  was  tiien  groimd  and  chemically 
polished  and  the  sample  was  mounted  between  the  poles  of  a 
permanent  magnet.  Illumination  of  the  sample  by  a  projector 
lamp  and  measurement  of  the  open-circuit  voltage  enabled  an 
estimate  of  the  surface  recombination  rate  to  be  made.  Further 
measurements  on  the  crystal  surfaces  after  treatment  with  an 
irradiated  benzaldeiiyde  film  enabli^d  the  possible  effect  of  the 
treatment  on  semiconductor  devices  to  be  evaluated. 
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2.2,8.  It  was  hoped  that  a  further  study  of  the  photoelectric 
phenomena,  observed  at  a  point  contact  in  the  presence  of 
benzaldehyde ,  might  provide  additional  inforiration  on  the 
chemical  reactions  which  were  being  studied,  -i^urther  measure¬ 
ments  were  carried  out  on  the  magnitude  and  duration  of  the 
photoelectric  currents  obtained  in  the  presence  of  benzaldehyde 
and  with  the  addition  of  various  stabilizing  compounds.  The 
theoretical  explanation  of  the  results  obtained  was  correlated 
with  the  information  given  by  the  chemical,  contact  potential, 
rectification  and  s\irface  recombination  measurements. 

3.0  EXPERIMENTAL  DETAILS  -  CHEMICAL 

3. 1.  Apparatus 

3.1.1.  Tli.e  apparatus  used  for  the  irradiation  of  samples 
was  essentially  the  3.=ine  as  previously  described  in  Pinal 
Report  1962,  and  is  illustrated  in  Fig.  1.  It  consisted  of  a 
polythene  cont  iner  with  a  "Perspex"  cover  (transparent  to 
366  ra|jL  radiation)  and  supported  the  prepared  crystal  sample 

in  a  glass  funnel,  in  a  horizontal  position.  At  the  end  of  the 
reaction,  a  plug  was  removed  from  the  lid  of  the  vessel  and 
the  film  of  benzaldehyde  was  washed  from  the  crystal  surface 
with  solvent,  using  a  glass  syringe.  The  washings  were 
collected  under  the  reaction  vessel  in  a  standard  flask. 

Oxygen  was  supplied  through  the  lid  and  escaped  via  the  funnel 
tubulation. 

3.1.2.  A  250  watt  Hanovia  mercury  lamp  was  placed  vertically 
above  the  reaction  vessel,  so  that  the  distance  betv/een  the 
quartz  burner  and  the  SiOiiple  surface  was  50  cm.  in  each 
experiment.  A  double  black  glass  filter  v/as  fitted  to  the  lamp 
shield  and  transmitted  radiation  almost  exclusively  in  the 
365-366  mpi  region.  The  lamp  was  run  for  about  15  minutes  before 
the  start  of  each  experiment,  so  that  stable  operating  conditions 
were  attained,  and  forced  air  cooling  was  used  to  avoid  any 
erratic  behaviour  of  the  mercury  arc  due  to  overheating. 
Comparative  readinjfs  of  the  lamp  output  were  made  before  each 
experiment  with  a  photoelectric  illumination  meter,  G.E.C. 

type  M, 903,  which  uses  a  selenium  photocell.  These  readings 
could  be  referred  to  absolute  measurements,  determined  by  a 
chemical  actinometer,  using  tiie  isomerisation  reaction  of  0  - 
nitrobenzaldehyde  to  o  -  nitrosobenzoic  acid.  The  absolute 
measureii ents  are  described  in  detail  in  Pinal  Report  1962, 

Sect.  3*3«8*  and  Sect.  5*6. 

3.1. 3*  ^^^he  gas  chromatographic  equipment  was  the  same 

as  employed  for  the  previous  work,  and  consisted  of  a  240  cm. 
column,  4  to  5  mm.  internal  diameter,  packed  with  60-80  mesh 
celite,  impregnated  with  the  stationary  phase. 
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The  stationary  phase  was  varied  to  suit  the  teiiiperature  €Uid 
the  ^separation  required.  For  all  ter-peratues  up  to  about 
200 °C,  15?fe  Apiezon  M  grease  was  a  good  general-p^pose  material 
on  60-80  mesh  celite:  for  temperatures  above  200  C,  and  if 
a  smaller  retention  time  was  required,  15%  silicone  hi^-wacuum 
grease  was  fo\ind  to  be  useful.  The  column  length  could  be 
reduced  to  180  cm.,  120  cm.  or  60  cm.,  as  required,  to  decrease 
the  retention  time  for  compounds  with  low  volatilities.  The 
temperature  of  the  column  was  controlled  by  a  vapour  jacket 
using  a  liquid  of  sviitable  boiling  point.  Samples  of  liquid, 
up  to  1  (il  in  volume  were  injected  at  the  start  of  the  column 
through  a  serum  cap  of  silicone  rubber  and  into  a  flash  heater, 
operating  at  about  180°C.  The  csurrier  gas  was  argon  and  the 
detector  was  a  standard  argon  ionization  (Lovelock)  pattern, 
operating  at  I500  v.  and  feeding  an  amplifier  and  pen  recorder; 

3.2.  Materials 

3.2.1.  In  most  of  the  experiments,  benzaldehyde,  Analar 
grade,  as  manufactured  by  British  Drug  Houses  was  used.  The 
earlier  work  on  the  rate  of  formation  of  benzoic  acid,  as 
reported  in  Sect,  3»3*  Final  Report  1962,  had  called  for  some 
purification  of  the  benzaldehyde,  to  eliminate  possible  traces 
ofstabilizers.  The  benzaldehyde  had  been  redistilled  in  a 
stream  of  deoxygenated  hydrogen  and  stored  in  a  tightly 
stoppered  brown  glass  bottle,  in  the  dark,  before  being  used. 

It  bad  been  found,  however,  that  under  the  conditions  of  o\ir 
experiments  ,the  purification  had  no  significant  influence  on 

the  reaction  kinetics:  this  was  undoubtedly  due  to  the  predominant 
influence  of  the  sxxrface  as  a  recombination  region  for  the 
free  radicals  formed  during  irradiation.  For  the  study  of  the 
composition  of  the  final  reaction  products,  it  was  not, 
therefore,  considered  necessary  to  make  any  further  purification. 

3.2.2.  All  experimentswere  carried  out  on  a  prepared 
(1.1.1.)  plane  of  an  n-type  germanium  crystal  sample, 
resistivity  2,5  ohm- cm, ,  antimony  doped.  The  area  of  the 
crystal  surface  was  approximately  4  cm^.  After  cutting,  the 
surface  was  first  ground  with  25O  mesh  carbonondum,  then 

600  mesh  carborundum.  A  clean  etched  surface  was  obtained  by 
placing  the  sample  in  a  mixture  of  20  ml.  water  and  5 
sodivun  perborate  and  heating  to  about  80°C  for  5  minutes. 

This  procedure  provided  an  imcontaminated  surface  by  etching 
away  a  thin  layer  of  material  v/ithout  excessive  polishing 
action  or  formation  of  a  thick  oxide  film. 

3.2.3.  Previous  work  had  shown  that  the  course  of  the 
reaction  was  not  influenced  by  the  conductivity  type  of  the 
germanium  or  the  surface  preparation,  so  no  variations  in 
the  test  sample  were  made  in  the  present  work. 
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3. 3*  Procedure 

3. 3«1.  The  crystal  surface  was  prepared  as  described  in 
Sect,  3* 2. 2.  and  the  sarple  placed  in  position  in  the  reaction 
versel.  The  transparent  lid  was  fitted  and  the  oxygen  flow 
started  at  a  rate  of  about  500  ir.l./i..in.  The  U.V,  lamp  was 
switd  ed  on  for  15  i  inutes,  to  reach  a  stable  oper-ting 
temperature,  and  the  radiation  was  easured. 

3. 3«2.  The  benzaldeiyde  se*ple  was  then  adced  to  the 
surface  froni  a  micro-pipette,  by  removing  the  plug  in  the 
lid.  A  saiiiple  volume  of  O.O5  ml.  was  correct  for  providing  a 
thin  fiim  over  the  whole  surface  of  the  sariple,  whose  area 
was  4  cm^. 


3.3«3.  At  the  end  ol  the  irradiation  time,  the  lamp  was 
switched  off  and  ttie  organic  material  was  rapidly  washed  from 
the  crystal  surface  with  four  1  ml.  portions  of  chloroform  from 
a  glass  syringe,  the  washings  being  collected  in  a  5  nil. 
calibrated  flask  below  the  funnel.  The  present  work  was 
concerned  with  identifying  perbenzoic  acid  and  looking  for  other 
final  oxidation  products,  such  as  benzoin,  benzil  or  benzoyl 
peroxide,  and  it  was  not  considered  to  be  desirable  to  make 
any  addition  of  hydroquinone  to  the  sample.  This  compound 
had  been  added  when  estimations  of  benzaldehyde  and  benzoic 
acid  were  being  aade,  to  suppress  any  further  oxidation  of  the 
benzaldehyde  after  the  experiment:  it  was  considered  that  in 
the  present  work  it  might  give  rise  to  undesirable  side 
reactions.  The  volume  of  sample  v/as  lade  up  to  5  ml.  with 
chloroform  in  each  case. 

5.  3»4.  A  1  |il.  sample  vras  taken  by  a  Hamilton  microsyringe 
from  each  solution  and  in,iected  into  the  gas  chro;' atograph, 

A  sample  of  lp.1.  is  normally  regarded  as  large  by  gas 
chronatographic  standards  and  most  organic  compounds  will  give 
a  very  high  outpout  at  the  detector  for  this  concentration: 
larger  samples  tend  to  overload  the  conventional  analytical 
column  and  produce  a  broadening  of  the  peaks  and  poor  peak 
separations.  However,  in  the  present  estimations,  the 
samples  were  considerably  diluted  in  preparation.  No  more 
than  0.05  ml,  of  benzaldehyde  could  be  used  to  provide  the 
thin  film  on  the  area  of  crystal  surface  available,  and  no 
less  than  3  or  4  ml,  of  8olven.t  could  be  employed  for  washing 
purposes,  to  ensure  the  removal  of  all  the  sample.  The  low 
concentration  of  the  sairiple  and  the  known  lov/  sensitivity  of 
the  detector  to  certain  organic  species  (e.g.  benzoic  acid) 
added  to  the  difficulties  ol  detecting  the  compounds  we 
were  seeking. 


10, 


3.4*  Detection  of  benzoic  acid  on  the  gas  ohromatograph* 

3.4.1.  It  was  clears  from  otit  previous  difficulties  in 
detecting  benzoic  acid  in  the  irradiated  samples  on  the  gas 
chromatograph j  that  some  development  of  the  technit^ue  was  needed 
before  vre  could  proceed  to  look  for  other  compounds.  As 
described  in  Pinal  Report  I962,  Sect.  2.1.3»  it  ap^ared  that 
a  high  ooltimn  temperature  of  about  220  C.  was. required  to  elute 
benzoic  acid  within  a  reasonable  time,  at  the  argon  flow  of 
28  ml. /min.  then  being  used.  Under  these  conditions, 
a  small  peak  with  a  retention  of  time  of  about  50  minutes  had  been 
attributed  to  benzoic  acid.  The  hei^t  of  the  peak  was  very 
small,  partly  due  to  the  spreading  of  the  zone  by  diffusion 
during  the  long  retention  on  the  ooliunn,  and  the  identification 
was  very  inconclusive.  At  the  high  temperature  there  was  little 
separation  of  the  chloroform,  benzaldehyde ,  or  the  marker 
compound,  _0'dichlorobenzene ,  and  these  all  appeared  close  to 
the  start  of  the  chromatogram. 

3.4*2.  More  experiments  were  carried  out  on  the  standard 
240  cm.  colvimn,  packed  with  60  •  00  mesh  celite^l57‘’  Apiezon  M 
as  stationary  phase  and  at  a  temperature  of  212  C.  Samples  cxf 
a  saturated  methanol  solution  of  benzoic  acid  were  added} 
apart  from  the  large  solvent  peak  at  the  beginning,  no 
significant  peaks  which  might  be  attributed  to  the  acid  were 
found  after  60  minutes  elution,  using  a  gas  flow  of  28  ml. /min. 

3.4*3*  The  column  temperatoire  was  then  reduced  to  110°C. 

(using  toluene  for  the  vapour  jacket),  in  case  we  had  luider 
estimated  the  volatility  of  benzoio  acid  at  this  temperat\ire } 

(the  boiling  point  is  249°C.).  Immediately,  more  promising 
results  were  obtsaned  and  vrell-  defined  peaks  were  observed. 

The  elution  time  for  benzoic  acid  at  this  temperature  was  only 
slightly  longer  than  that  of  the  standard  substance 
dichlorobenzene,  which  is  clear  from  a  comparison  of  the 
chromatogram  in  Fig.  2  with  that  in  Fig.  3»  which  is  for  a 
benzaldehyde  estimation  on  the  same  time  scale. 

3,4.4*  However,  Fig,  3  and  similar  chromatograms  for  samples 
with  long  irradiation  periods,  showed  no  indication  of  benzoio 
acid  peaks  at  the  appropriate  place,  even  when  the  maximum 
sensitivity  of  the  apparatus  was  employed.  At  maximum 
sensitivity  some  base  line  irregularities  were  always  present, 
and,  therefore,  small  peaks  would  not  easily  be  detected. 

It  was  concluded  that  while  benzoio  acid  was^eluted  in  a 
normal  manner  at  a  column  temperature  of  110  C, ,  the 
sensitivity  of  the  detector  was  very  low  for  this  compound, 
making  detection  very  difficult  in  the  small  samples  used  fcr 
our  experiments.  In  contrast,  the  sensitivity  for 
benzaldehyde  is  very  good  and  the  reason  for  the  very  large 
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sensitivity  diflerence  for  a  very  small  change  in  structure 
is  not  clear. 

5.  5*  Detection  of  perbenzoic  ac,id  on  the  gas 

chromatograph 

It  was  likely  that  perbenzoic  .••cid  idght  have  a 
volatility  similar  or  higher  than  that  of  benzoic  acid,  (its 
melting  point  is  43  C)  and  so  the  sai;.e  oper^.ting  conditions 
at  110  C  were  used  for  the  gas  chromatography  column.  Apart 
from  the  possible  low  sensitivity,  other  difficulties  were 
expected  because  of  the  instability  and  reactivity  of  the 
compound  at  110  C:  a  lower  temperature  was  not  desirable,  as 
this  would  increase  the  retention  tire,  during  which  reaction 
with  the  cclumn  packing  could  take  place. 

3.5«2.  A  nuKiber  of  sar.!ples  wore  prepared  by  irradiating 
benzaldehyde  for  short  periods  on  the  crystal  surface.  Irradia¬ 
tion  times  of  2  to  5  rinutes  were  in  the  region  where  the 
concentration  of  the  per-acid  appeared  to  reach  a  raximura. 

No  peaks  which  could  be  attributed  to  perbenzoic  acid  or 
benzoic  acid  could  be  found.  It  was  sliown  that  these  samples 
contained  an  oxidising  agent,  probably  the  per-acid,  by  mixing 
with  an  acetone-water  mixture  containing  a  little  acidified 
potassium  iodide  and  starch  solutions:  the  libfcrat:.on  of 
iodine  by  the  oxidising  agent  was  indicated  by  the  blue 
colour  produced. 

5.6.  Detection  of  final  oxidation  products  on  the 

go.s  chromatograph 

3.6.1.  Published  infcrmr.tiof  suggested  that  in  addition 
to  beiizoic  a9id,  benzil  and  dibenzoyl  peroxide  we  e  possible 
final  products  of  the  oxidation  of  benzaldehyde,  and  there 
was  also  some  probability  of  benzoin  being  formed. 

3.6.2.  Of  these  compounds,  benzil  boils  at  548°C,  benzoin 
at  C  and  dibenzoyl  peroxide  decomposes  on  melting  at 
105^0.  A  short,  hi^  temperature  column  was  required  for 
this  work,  and  it  was  therefore  shortened  to  60  cm.  The 
column  was  packed  with  \^/o  silicone  high  vacuum  grease 

on  60-80  mesh  celite  as  the  stationary  phase,  and  the 
temperature  raised  to  215  u  (etliyl  benzoate  as  the  boiling 
liquid),  short  column  enabled  a  higher  flow  rate  of  the 

carrier  gas  of  40  ml/min. to  be  used,  without  any  large  pressure 
differential  across  the  column. 
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3,6.5.  Evidently  dibenzoyl  peroxide  would  decompose  on 
injection  into  the  ooltunn,  but  could  be  identifigd  by 
emerging  as  benzoic  anhydride,  boiling  point  360  C. 

Samples  which  had  been  irradiated  for  about  60  minutes  to 
give  an  almost  complete  reaction  were  injected  into  the 
column,  in  benzene  solution.  In  none  of  the  experiments  were 
any  peaks  attributable  to  compounds  of  hi^  boiling  point 
discovered.  Each  chromatogram  ran  for  a  period  of  about 
2  hours.  It  was  considered  to  be  unlikely  that  eJ.1  the 
compounds  being  aoiaght  would  have  very  low  detection 
efficiencies  in  the  manner  of  benzoic  acid,  and  the  post  likely 
reason  for  the  failure  was  the  low  volatility  at  213  C. 

3.6,4.  The  upper  limit  of  operation  of  the  existing 
chromatograph  was  about  250^0.  for  various  reasons  connected 
with  the  vapour  jacket  dgoign,  and  it  appeared  that  a 
temperatiore  of  about  500^0. might  be  needed,  Ai  attempt  was 
made  to  reduce  retention  time  at  213°C.  by  using  a  glass  bead 
column,  consisting  of  0.177  n®*  (A,S,T,M.  Grade  80)  beads  coated 
with  0,06^0  by  weight  of  Apiezon  M  grease.  Glass  bead  columns 
have  been  recommended  for  giving  shorter  retention  times  and 
sharper  peaks,  without  lose  of  resolution  (16,  17»  18). 

However,  we  experienced  difficulty  with  blockages  in  these 
ool\imns,  except  at  extremely  small  concentrations  of  stationary 
phase,  and  the  columns  appeared  to  be  overloaded  by  1  nl  samples. 

3 . 7 «  Detection  of  final  oxidation  products  by  ohemioal  methods. 

3.7.1.  The  gas  chromatographic  approach  having  proved 
unsatisfactory,  chemical  methods  of  detection  were  used. 

An  oxidising  agent  was  shown  to  be  present  in  the  solid  product 
of  120  minutes  irradiation  of  benzaldehyde,  by  a  red  coloration 
in  the  ferrpus  thiocyanate  teat,  Perbenzoic  acid  had 
disappeared  after  this  period  of  irradiation,  and  the  reaction 
was  most  likely  to  have  been  produced  by  dibenzoyl  peroxide. 

A  solution  of  the  final  product  in  acetone,  when  added  to  an 
acidified  potassium  iodide  solution  containing  starch,  gave 
some  blue  coloration,  also  indicating  the  presence  of  an 
oxidizing  agent. 

3.7.2.  To  attempt  some  isolation  of  the  possible  constituents 

of  the  mixtvire,  a  separation  by  paper  chromatography  was  attempted, 
but  no  separate  zones  due  to  benzil  or  benzoin  could  be  detected. 

A  sensitive  chemical  teat  for  benzil  consisted  of  treating  some 
of  the  solid  product  with  one  pellet  of  potassium  hydroxide 
and  a  few  drops  of  absolute  alcohol  and  warming  in  a  porcelain 
dish:  after  heating,  the  remains  of  the  potassium  hydroxide  pellet 
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were  removed  and  a  fe\r  drops  of  concentrated  sulphuric  acid 
added.  A  pink  or  red  coloration  ia  given  in  this  teat  by 
traces  of  benzil,  due  to  the  formation  of  benzilio  acid,  but  no 
such  colour  was  found  from  our  samples.  Benzoin  also  gives 
this  reaction,  and  the  negative  result  appeared  to  exclude  the 
presence  of  both  benzil  and  benzoin, 

3. 7.3*  Benzoin  gives  a  very  sensitive  fluorescent  reaction 
with  solutions  of  sodium  borate  in  alcohol  solution,  with  a  sodi\am 
hydroxide  buffer  at  pH  12,  or  in  formamide  solution  with  isobutyl 
amine  as  the  base.  It  also  reacts  v/ith  solutions  of  sodium 
silicate,  to  give  a  fluorescence  in  the  presence  of  sodium 
hydroxide  and  mannitol.  Negative  results  were  obtained  from 
these  reactions,  but  the  failure  could  have  been  due  to  the 
presence  of  the  oxidizing  agent,  which  could  easily  quench  the 
fluorescent  reaction. 

3.7.4*  It  was  concluded  that  only  dibenzoyl  peroxide  could  be 
identified  as  a  possible  constituent  of  the  irradiation  products, 
apart  from  benzoic  acid. 

3.3.  Determination  of  perbenzoio  aoid. 

3.8.1.  To  obtain  some  idea  of  the  variation  of  the  perbenzoic 
acid  concentration  during  the  oxidation  reaction,  we  con  refer 
back  to  the  electrometric  titration  experiments  described  in 
Final  Report  1962,  Sects.  5.3.7.  and  3*5*  Fig.  4,  reproduced 
from  this  report,  shows  a  set  of  typical  electrometric  titration 
curves  for  samples  with  various  irradiation  times.  The  two 
points  of  inflection  show  the  presence  of  two  acidic  species, 
one  of  which  decreases  in  concentration  as  the  irradiation 
proceeds,  and  has  virtually  disappeared  in  50  minutes.  The 
known  data  on  the  benzaldehyde  oxidation  s'jggest  that  the  xinstable 
acid  ia  in  fact  perbenzoic  acid. 

3.8.2.  Fig.  5.  shows  the  change  of  concentration  of  perbenzoic 
acid,  starting  3  minutes  after  the  commencement  of  irradiation, 
computed  from  several  sets  of  titration  curves,  Ihe 
concentrations  are  expressed  as  a  percentage  of  the  maximum 
possible  theoretical  value. 
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4.0  EXPERIMENTAL  DETAILS;  PHYSICAL 

4.1.  Contact  potential  tests 

4.1. 1.  Apparatus  The  apparatus  used  in  the  first  part 

of  this  program  was  the  same  as  that  described  in  Final  Report 
1962,  Sect.  4.9.1.  Tbe  electrode  assembly  is  shown  in 
Fig.  6,  and  consisted  of  a  platinum  reference  electrode, 
supported  by  a  large  insulator,  and  an  adjustable  brass 
platform  to  support  the  semiconductor  sample,  the  whole 
assembly  being  mounted  on  a  retal  base-plate  and  enclosed  in 
a  screening  cover.  The  platinum  electrode  was  about 
2  cm2  area,  and  made  from  expanded  mesh,  fixed  to  a  platinum 
wire  frame.  The  amplifier  used  to  detect  the  potentials  was 
fully  described  in  Final  Report  1962  Sect.  4.9.1,  and  the 
circuit  diagram  is  reproduced  in  Fig.  7.  Later,  a  commercial 
amplifier,  the  E.I.L.  Vibron  Electrometer ,  hodel  53^  with 
A33C  probe  unit  was  used.  This  instrument  had  the  advantage 
of  giving  direct  readings  of  voltage  and  polarity  with  a  high 
input  resistance  of  about  10"^  ohms  (compared  with  10^^  ohms 
in  the  original  appaiatis).  However,  the  readings  ^rere 
limited  to  a  maximum  of  1  volt  and  for  higher  values,  a 
backing-off  circuit  had  once  a  ain  to  be  employed,  iinother 
electrode  assembly  was  used  in  conjunction  with  the  E.I.L. 

Model  33c,  to  provide  a  finer  control  of  the  electrode 
spacing.  The  asserbly  ic  shown  in  Fig.e,and  v/as  designed  to 
mount  directly  on  the  top  of  the  A33C  external  probe  unit  of 
the  Model  33C.  In  this  way,  stray  capacitance  and  pick-up 
from  connecting  leads  was  eliminated.  The  germanium  \;as 
mounted  at  the  "hot"  terminal  of  the  probe,  on  a  ball  joint, 
to  allow  the  top  surface  of  the  crystal  to  be  made  exactly 
parallel  to  the  reference  electrode.  The  reference  elctrode, 
a  gold-plated  or  rhodium-plated  brass  disc,  was  at  earth 
potential  and  mounted  on  a  fine  screw  to  allov;  very  accurate 
control  of  the  electrode  spaci.ig.  The  Model  33C  had  the 
disadvantages,  in  addition  to  the  low  maximum  voltage 
reading,  of  a  fairly  high  input  capacitance  of  ^0  pf. ,  and 
a  rather  slow  response  time  of  up  to  30  seconds.  Towards 
the  end  of  the  program,  a  ./ayne-Kerr  Precision  Electrometer  M.I4I 
was  used  for  u easurei  ents:  this  instrument  had  the  advantages 
of  a  similar  bi^  input  irpedance  of  10^^  ohms,  lov;  input 
capacitance  of  3  pf»  fast  response  time  of  1  to  2  seconds 
and  a  i  aximuru  reading  of  10  volts  (or  up  to  1000  volts  with 
a  multiplier  probe  of  increased  input  capacitance  of  100  pf) . 

The  M.141  could  be  used  in  conjunctio'  with  a  "Ei-Speed" 

Cl  art  recorder  (made  by  Control  Instruments  Ltd.  ,  Bj.rkenhead, 
England)  to  give  direct  recordings  of  the  grov/th  and  decay 
of  potentials. 

4.1.2.  Procedure 


A  blocm  of  single  crystal  i.iaterial  was  cut  with 
two  reasonably  parallel  faces,  which  were  then  smoothed  with 


15. 


250  meah,  followed  by  600  mesh  corborunoum.  One  surface 

was  copper- plated,  to  provide  a  base  contact,  while  the 

opposite  surface  was  etched  in  a  variety  of  etching  i:.ixtures, 

as  required.  In  some  experiments,  a  ground  surface  was  used 

as  a  base  contact,  and  no  un'esirable  effects  could  be 

attributed  to  this  method,  cioldered  base  contacts  to  a 

flying  lead  were  employed  in  the  previous  v/ork,  described 

in  Final  Report  1962,  Sect,  ^.9.2,  b'„t  these  i:iade  the  mounting 

of  sajnples  i.ore  difficult  and  were  abandoned  early  in  tlie 

present  series  of  experiments:  no  significant  differences 

were  detected  in  the  results  obta-'.ned  v/ith  or  without  the 

soldered  ccntmcts.  The  spacing  between  the  reference 

electrode  and  the  cryst,  1  surface  •’•j.s  usually  made  as  close 

as  possible,  and  was  adjusted  to  about  0.2  mm.  The  whole 

electrode  assembly  was  enclosed  in  the  metal  screening  cover, 

to  exclude  stray  electrostatic  fields,  although  in  the 

laboratory-constructed  equipment  it  was  not  possible  to 

obtain  complete  screening,  as  about  10  cm.  of  connecting  wire 

was  used  beti/oen  tlrie  elctrode  and  the  amplifier.  V/ith  the 

E. I.L.  Model  35C,  the  electrode  assembly  v/as  built  on  to  the 

probe  and  with  the  Wayne-Kerr  M.141,  a  short  piece  of  special 

screened  lead  was  used  for  connection  to  a  coaxial  plug;  in 

these  cases  almost  complete  screening  was  obtained.  The  space 

around  the  electrode  assembly  v/as  flushed  with  dry  oxygen  at 

a  flow  rate  of  about  1,5  litres  per  minute,  and  the  measuring 

equipment  was  switched  on  to  attain  a  stable  working  condition. 

Moisture  was  introduced  as  required  by  switching  the  gas  stream 

through  a  water  bubbler:  this  introduced  approximately 

0.015  g.  H2O  per  litre  of  gas.  Chart  recordings  of  the 

variation  of  potential  with  tirie  v/ere  made  by  coupling  a 

Hi-Speed  potentiometric  recorder  (manufactured  by  Control  Instrments) 

to  the  iVayne-Kerr  M.I4I 

4.2,  Confirmatory  experiments  on  earlier  potential 

•  measurements 

4.2.1.  In  vie\>'  of  the  unusually  high  values  obtained  in  the 
earlier  contact  potential  measure!. ents,  detailed  in  Final 
Report  1962,  Sect,4,10,  it  was  decided  to  carry  out  a  s^^ries 
of  similar  moasureaents  with  the  same  equipment  for 
confirmatory  purposes.  These  measurements  -.'ere  not  so  detailed 
as  the  earlier  series  and  v/ere  designed  only  to  confirm  the  high 
voltages  obtaincible  and  to  lock  for  any  spurious  effects  v/hich 
mi^t  give  rise  to  such  values. 

4.2.2,  The  platinum  reference  electrode  v/as  set  to  a 
spacing  of  about  0.2  mm.  in  each  case,  as  this  had  previously 
been  found  to  be  a  suitable  value.  A  fresh  surface  was  pre¬ 
pared  on  the  germanium  crystal  for  each  experiment  by  treating  with 
CPI  etch.  In  dry  oxygen,  apparent  contact  potentials  of 

between  0  and  60  mV  were  recorded,  but  it  should  be  remembered 
that  this  value  included  an  internal  contact  potential  of  about 
30  mV  from  the  apparatus,  which  probably  varied  fron  time  to  time. 
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Such  variations  vere  of  no  significance  in  determining  the 
validity  of  potentials  in  the  10  to  100  volt  range. 

4.2.5.  To  test  the  possibility  that  the  resilts  obtained 
mi^t  be  affected  by  the  presence  of  foreign  u^tter,  (e.g. 
fibres)  on  the  surface  of  the  platinum  mesh,  the  platinum 
was  heated  to  a  bright  red  heat  in  a  bunsen  >urner  before 
being  used  for  this  series  of  experiments.  This  treatment 
would  have  burned  away  any  organic  fibres  and  volatilized  many 
possible  adsorbed  chemical  compounds.  The  platinum  was 
subseq.uently  handled  with  great  care,  using  tweezers  only, 
and  kept  always  under  cover,  to  prevent  any  deposition  of 
dust  or  fibres. 

4.2.4.  The  potentials  obtained  in  this  series  of  experiments 
were  more  unpredictable  than  those  in  the  earlier  experiments, 
and  for  some  time  no  potentials  higher  than  about  2  V  were 
recorded.  Later,  maximum  readings  of  32  volts  and  15.5  volts 
were  recorded  on  two  consecutive  runs.  The  appearance  of 
these  potentials  could  not  be  correlated  in  any  way  with  the 
surface  preparation  of  the  sample,  the acperimental  conditions 
or  any  defects  in  the  measuring  equipment. 

4.2.5.  The  lack  of  success  in  obtaining  high  potentials 
was  at  one  stage  suspected  to  be  the  result  of  having  heated 
the  platinum  to  a  high  te^iperature.  It  is  well  '.nown  that 
hydrogen,  if  adsorbed  in  atomic  form,  may  loyeu  the  work 

fi  notion  of  platinium  by  2  vdts  or  mor^  and  it  has  been 

found  that  the  correct  value  of  6.3  volts  is  only  obtainable 
after  very  careful  out-gassing  The  platinum  electrode 

was  therefore  cathodically  reduced  in  dilute  sulphuric  acid 
at  a  current  of  3A  for  some  time,  and  carefully  washed  and 
dried  before  continuing  with  the  experiments.  No  iirimediate 
increase  in  the  potentials  obtained  was  noted,  but  after 
several  runs  had  been  carried  out,  the  high  values  of  52  volts, 
and  15.5  volts  were  found  on  two  consecutive  occasions.  This 
success  could  not  be  repeated,  however,  and  no  effect  of 
the  exposure  of  the  crystal  surface  to  an  irradiated  film 
of  benzaldehyde  could  be  demonstrated.  The  effect  of  ammonia 
gas  was  investigated  in  one  experiment  by  bubbling  the  oxygen 
through  0.880  ammonia  solution.  The  figures  obtained  in 
some  of  these  experiments  are  tabulated  below.  All  voltages 
were  measured  by  the  null  method  on  a  potentiometer,  and 
were  always  foiuid  to  be  positive.  A  blank  test,  using  a 
brass  block  instead  of  the  germanium  sample,  in  wet  oxygen 
gave  a  constant  reading  of  only  about  20  mV. 
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4.2.6,  Contact  potential  readings.  ( 1.1.1.)  surface  of 
4  ohm. cm  n-type  Ge 

iilectrode  spacing  0.2  mm 


Treatment  of  surface 


Perborate  etch 


Left  for  60  i;ins  in 
dry  atomosphere 


Left  for  16  lirs  in  dry 
atmosphere 


Time 

Voltage 

Remarks 

mins 

+ 

0 

0.08 

Dry  O2 

4 

1.0 

Wet  O2 

10 

0.9 

0 

0.08 

Dry  O2 

1 

0.8 

2 

1.6 

5 

1.9 

4 

1.85 

5 

1.8 

8 

1.7 

9 

1.6 

11 

1.5 

15 

1.4 

17 

1.2 

21 

1.1 

25 

1.0 

32 

0.9 

39 

0.8 

56 

0.7 

93 

0.65 

Dry  Og 

93.5 

0.08 

os 

0.08 

Wet  Og 

98 

0.5 

99 

0.55 

101 

0.58 

103 

0.59 

108 

0.61 

116 

0.65 

0 

0.04 

Dry  0„ 

1 

0. 6  > 

1.5 

1.2 

2 

1.6 

3 

1.8 

4 

1.8 

5 

1.7 

6 

1.6 

7 

1.6 

9 

1.5 

11 

1.3 

13 

1.2 

16 

1.1 

19 

1.0 

21 

0.9 

23 

0.8 

ExDt 

No. 

Run 

No. 

Treatment  of  surface  Time 

Mins 

Volta<?e 

+ 

18. 

Remarks 

1 

5 

29 

0.7 

54 

0.6 

44 

0.5 

63 

0.4 

111 

0.35 

171 

0.55 

Dry  Og 

172 

0.04 

2 

1 

Benzaldehyde  +  U.V.  0 

0,05 

Dry  0„ 

Li^t  for  10  minutes  2 

0.5 

Wet  0, 

5 

0.5 

7 

0.4 

14 

0.3 

3 

1 

Re- etched  in  CPI  0 

0.01 

I>iy  0 

1.5 

0.7 

Wet  0,, 

2.5 

1.0 

4 

1.15 

5 

1.1 

^  1 

8 

1.0 

11 

0.7 

13 

0.6 

16 

0.5 

20 

0.4 

24 

0.55 

30 

0.5 

60 

0.27 

80 

0,25 

Diy  0 

81 

0.07 

2 

Pt-electrode  cathodically 

reduced  at  34  in  H_S0.  0 

0.055 

Dry  0 

soln,  ^  1 

0,8 

v/et  0^ 

2 

^  o 

-  ;•  c. 

5 

"  T 
-•  * 

6 

2.1 

7 

r.3 

9 

2.5 

■|  o 
...  c. 

15 

1.4 

17 

1-5 

25 

1,2 

28 

1.1 

31 

1.0 

52 

1.0 

Dry  Og 

54 

0.045 

57 

0.045 

Wet  0_ 

58 

0.2 

42 

0.045 
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Expt 

R\in 

Treatment  of  surface 

Time 

Voltage 

Remarks 

No. 

No. 

Fins 

+ 

5 

3 

Left  for  3  hrs  in  dry- 

0 

0.01 

Dry  0_ 

atmosphere 

1 

0.5 

Wet  0^ 

2 

0.6 

3 

0.7 

7 

0.6 

9 

0.7 

11 

0. 6 

13 

0.5 

4 

1 

Benzaldehyde  +  U.V. 

0 

0.0 

Dry  0 

li^t  for  10  minutes 

3 

A 

0.2 
n  1 

Wet  0^ 

5  0.4 

7  0.5 

9  0.65 

11  0.65 

13  0.7 

18  0.65 

22  0.65 


5 

1 

Re-etched  in  CPI 

0 

0.01 

Dry  Og 

2 

0.06 

Op  throu^ 

12 

0.06 

07880  NH, 

solution; 

13 

0.01 

Dry  0, 

23 

0.01 

24 

0.3 

Wet  0„ 

30 

32.0 

35 

32.0 

41 

30.0 

48 

24.3 

51 

22.5 

59 

16.8 

63 

15.0 

74 

12.0 

2 

Left  for  16  hrs.  in 

0 

0.0 

Dry  0_ 

dry  atmosphere 

0.5 

0.1 

Wet  0^ 

1.5 

9.3 

tL 

4 

15.0 

7 

15.5 

8 

15.0 

14 

9.3 

18 

7.5 

20 

6.0 

26 

4.5 

39 

3.0 

20. 


Expt.  Run  Treatment  of  surface  Time  Volteige  Remeirks 
No.  No,  Mins  + 


6  1 

Benzaldehyde  +  U.V. 

0 

0.0 

Dry  0 

light  for  10  minutes 

2 

0.02 

Wet  of. 

5 

0.02 

10 

0.02 

2 

Left  for  50  mins  in  dry 

0 

0.0 

Dry  0 

atomosphere 

1 

0.4 

Wet  ©2 

2 

1.0 

2.5 

1.5 

3 

1.8 

4 

2.0 

5 

2.1 

8 

2.4 

12 

2.3 

14 

2.3 

16 

2.2 

17 

0,02 

Dry  0 

46 

0.01 

30 

0.02 

0-  throu^ 

55 

0.02 

0.880 

NH,  solution 

Left  for  2^  iirs.  in 

59 

0.01 

Dry  0- 

3 

0 

0.0 

Dry  0; 

dry  atmosphere 

1 

0.4 

v^et  0 

3 

2.9 

4 

4.7 

7 

5.5 

9 

5.5 

12 

5.5 

16 

5.1 

7  1 

Re-etched  in  CPI 

0 

0.01 

Dry  0 

Pt-electrode  anodically 

1 

1.7 

Wet  0„ 

oxidized  at  5A  in 

5 

1.5 

H„S0.  soln. 

2  4 

10 

0 

8  1 

Re-etched  in  CPI 

0 

0.0 

Dry  0- 

1 

0.0 

Wet  0^ 

5 

0.01 

10 

0.01 

2 

Pt-electrode  cathodi- 

0 

0.0 

Dry  0 

cally  reduced  at 

1 

0.0 

Wet  Oi 

in  H^SO. 

6 

0.0 

10 

0.01 

3 

Pt  and  Ge  exposed  to 

0 

0.0 

Dry  Op 

NH^  before  test 

2 

0.01 

Wet  of 

15 

0.01 

c 

21 


^  •  3  Potential  measurementB  with  the __E.  I,. Model  53C 

The  experiiients  described  in  the  foregoing  section 
demonstrated  the  non-reproducible  nature  of  the  results  obtain¬ 
able  with  the  existing  apparat''s.  A  direct- reading  comiaercial 
instrument,  the  E.I.L,  Model  33C  was,  therefore,  obtained  and 
further  measurements  were  carried  out. 

4.3>2.  The  new  electrode  assembly  shown  in  J^ig,  5  was  used, 
and  fixed  directly  to  the  A53C  external  probe  units  with  this 
system  there  was  very  little  stray  capacity  and  all  the 
electrodes  and  connections  were  completely  screened.  Two 
windows,  cut  in  the  wall  of  the  apparatus  allowed  easy  access 
to  the  electrodes:  during  tiie  measurements,  these  windows 
were  blocked  by  a  sliding  brass  collar,  thus  completing  the 
earthed  screen  around  ttie  v/kole  assembly. 

4.3»5«  The  first  step  was  to  establish  the  relation  between 
the  readings  obtainable  on  the  old  apparatus  and  the  readings 
on  theE.I.L.  Model  53C.  A  series  of  measurements  was  carried 
out  with  the  electrode  assembly,  containing  a  germanium  sample, 
connected  to  both  sets  of  measuring  equipment.  It  was  shown 
that  there  was  some  interaction  between  the  two  and  the  E.I.L. 
instrument  did  not  respond  correctly  to  increments  of  the 
backing-off  voltage,  applied  to  the  first  instrument  by  a 
potentiometer.  However,  when  the  backing-oif  voltage  was  adjusted 
to  give  a  zero  reading  on  both  instruments,  the  poteutiom»’ter 
reading  agreed  very  well,  in  every  ins  ance,  with  the  direct 
reading  of  the  E.I.L.  J.';cdel  55^,  when  used  alone.  Thus 
there  was  no  serious  disagreement  in  the  values  given  by  the 
two  instru.ients. 

4.3.4.  The  backing-off  circuit  was  the  parallel  lype, 
used  originally,  and  illustrated  in  Pig.  9.  ■  e  also  tried  the 

classical,  series  backing-off  circuit,  as  shown  in  Pig.  10, 
and  found  this  to  give  satisiactory  results,  although  it  had 
proved  unsatisfactor;;'  in  our  eorly  experiments.  The  response 
time  of  the  series  backing-off  circuit  when  used  with  the  I.L. 
Model  33c,  was  in  the  region  of  1  or  2  minutes,  so  that  the 
measurement  of  trcinsients,  or  even  slow  changes  in  potential 
taking  a  few  seconds,  was  impossible  for  potentials  in  excess 
of  1  volt,  Por  the  direct  reading  of  potential  up  to  1  volt, 
the  response  tii;'e  was  20  to  30  seconds.  A  co,  parison  of  the 
merits  and  sources  of  error  of  the  backing-off  circuits  is 
discussed  later  in  Sect.  6,4.  A  sample  of  4  ohm-cm. ,  n-type, 

(1.1.1)  crystal  was  used  lor  these  tests. 
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4,3. 5*  A  large  nuirber  of  potential  measurei.ients  of  the 
Ge/ambient/Au  and  Ge/ambient/Rh  system  were  made  using  the 
normal  dry  and  wet  oxygen  cycle.  A  considerable  amount  of 
ceure  was  taken  to  ensure  that  the  germanium  and  reference 
electrode  surfaces  were  free  from  any  contamination,  and  the 
electrode  spacing  was  carefully  adjusted  to  the  region  of 
0.1  to  0. 2  mm. 


4. 3*6.  To  determine  blether  high  potentials  were  associated 
with  a  particular  t>pe  of  surface  prepar:::tion,  a  wider  range 
of  surface  treatments  v/as  investigated.  These  were: 

(1)  Ground  surlace  \<itri  600  mesh  carborundum. 

(2)  Chemical  polish,  using  CPI  or  CP4A  etch, 

(CP4A  etch  is  made  from  5  parts  HP  +  5  parts 
HNO,  +  3  parts  H.Ac.) 

(3)  Dislocation  etching,  using  rt.Ag  etch 
(ii'.Ag  etch  is  male  from  2  pcj-ts  HF  +  1  part 
HNO,  +  2  parts  5!^  AgNO,  soln). 

(4)  Anodic  polarization  in^lQ^o  H-SO.,  IJCl  or  HF  solutions. 

(5)  Anodic  polarization  in  IC^  NaOH; 

(6)  Cathodic  polarization  in  lO^o  H^SO. ,  HCl  or  HF  solutions. 

(7)  Cathodic  pol^^riza  ion  in  lOlJt  NaOH. 


4.3.7«  In  other  experiments,  the  specimen,  after  the  chemical 
surface  preparation,  was  placed  for  long  periods  in  a  vacuum 
at  10"^  to  10“®  mm.  Hg  pressure,  before  be^ng  tested.  In  some 
cases  the  specimen  was  heated  to  about  I50  o  during  vacuum 
treatment,  by  an  infra-red  lamp,  to  help  drive  off  adsorbed 
volatile  com’-ounds,  particularly  water. 


4.3»8*  The  potentials  obtained  in  this  sfries  of  experiments 
tended  to  be  very  veiriable  and  non-reproducible  and  were  usimlly 
in  the  range  3O-IOO  mV,  There  was  some  evidence  to  s  ggest 
that  more  than  one  potential  gradient  v/as  present:  if  the 
electrode  system  was  allowed  to  reach  a  steady  state,  for  a 
particular  spacing,  it  was  found  that  decreasing  the  spacing 
rapidly  would  then  cause  the  potential  to  decrease  and  actually 
reverse  polarity.  No  significant  difference  was  observed 
between  any  of  the  many  treatments  described  in  the  previous 
two  paragraphs. 


4,3«9»  The  introduction  of  a  drop  of  distil :ed  water  between 
the  germanium  surface  and  the  reference  electrode  was  found 
to  give  a  i  mediate  potential  of  about  500  mV,  end  this 
potential  was  rapidly  and  reproducibly  regenerated  after 
momentarily  short-circuiting  the  electrodes.  Potentials  in  this 
region  had  been  obtained  at  infreq'..ent  intervals  throughout  the 
series  of  experi^ients,  but  cculd  not  be  correlated  with  surface 
treatment  or  the  experimental  conditions.  The  voltage 
developed  across  the  water  drop  was  independent  of  the  cross- 
sectional  area,  suggesting  a  possibility  that  potentials  of  the 
order  of  5OO  mV  mi^t  have  been  provided  by  the  bridging  of  the 
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electrode  gap  by  minute  whiskers  or  dust  pa^rticles.  Some 
tests  were  carried  out,  introducing  a  few  filter  paper 
fibres  in  the  0.2  mm.  gap  between  the  electrodes,  and  measur¬ 
ing  the  potential  obtained  in  wet  ox;:vgenj  readings  of  about 
500  mV  were  obtained  in  every  case.  The  rate  of  recovery 
of  the  potential  after  short  circuiting  the  electrodes  varied 
eonsiderably ,  and  appeared  to  depend  on  the  conductivity  of  the 
fibres:  typical  recovery  times  were  5  to  30  seconds. 

4.5«10.  During  the  whcle  series  of  experiments  there  was 
only  one  example  of  a  high  potential  being  recorded.  On 
this  occasion,  both  the  old  and  the  new  measuring  equipment 
were  connected  together  and  without  any  backing-off  potential  the 
E. I.L,  Model  33C  was  reading  ofl-scale  at  +  1  volt.  Application 
of  the  backing- off  potential  from  the  potentiometer  system 
enabled  both  instruments  to  be  brought  to  zero,  when  it  was 
noted  that  the  required  potential  was  -30  volts.  The  usual 
short-circuit  tests  were  carried  out  to  make  sure  that  there 
was  no  charge  accumulation  on  the  electrode,  and  the  potential 
returned  to  the  high  •mlue  each  time.  The  voltage  gradually 
decayed  with  time  in  the  same  manner  we  had  obsemred  frequently 
in  the  earlier  work. 

4.4.  Potential  measurements  wvfti,  the  Wajrne-Kerr  M.  141 

4.4.1.  Measurements  were  contined  with  the  Wayne-Kerr  M.I4I 
Precision  Electrometer,  in  the  hope  of  raking  direct  readings 
of  potentials  greater  than  1  volt  and  of  detecting  any 
voltage  transients,  which  could  be  observed  on  an  instrument 
with  a  r^'sponse  tine  of  about  1  second.  The  original 
electrode  assembly  (Fig.  6)  was  used,  connected  to  the 
Wayne-Kerr  by  a  short  length  of  special  non-static  co-axial 
cable:  the  cable  screening  was  connected  to  the  guard 
terminal  of  the  instrument,  so  that  it  contributed  little  to 
the  input  capacitance. 

4.4.2.  A  series  of  measiurements  on  a  2.5  ohm-cm  n-type  crystal 
was  carried  out  in  the  usual  way  in  dry  and  wet  oxygen,  for 

the  Ge/ambient/Pt  system,  generally  using  perborate  or  CPI 
etches  for  surface  preparation.  Variable  potentials  between 
about  +50  and  +500  mV  were  usually  obtained.  However,  there 
were  occasional  exceptions  to  this  rule.  In  one  experiment, 
a  consistent  +530  mV.  was  obtained,  recovering  rapidly  each 
time  the  electrodes  were  short-circuited.  The  electrode  gap  of 
0,3  mm.  was  examined  very  carefully  with  a  lens,  using  strong 
background  illumination,  but  no  trace  of  microscopic  fibres  in 
the  gap  coold  be  seen.  In  another  experiment,  a  high  voltage, 
in  excess  of  10  volts,  developed  about  1  minute  after  the 
introduction  of  wet  oxygen  to  the  apparatus.  Dnfortvuiately,  the 
XlOO  probe  was  not  connected  at  this  time  and  the  exact  value 
of  the  voltage  could  not  be  obtained.  The  electrodes  were 
short-circuited  several  times,  to  i  emove  emy  stared  charge, 
but  the  potential  returned  rapidly  to  over  10  volts.  The 
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voltage  had  decayed  below  10  volts  in  abcut  10  minutes  and 
was  clearly  following  the  familiar  decay  curve  obtained  in 
earlier  experiinents.  This  sample  was  allowed  to  stand  for 
90  minutes  in  dry  air,  inside  he  screening  cover,  and  then 
a  further  treatment  with  wet  oxygen  as  given,  this  time  with 
the  X  100  probe  connected  to  the  meter:  no  repetition  of  the 
high  voltage  could  be  obtained,  however.  A  close  examination 
of  the  electrode  system  with  a  lens  showed  a  very  small  fibre 
attached  to  the  platinum,  but  apparently  not  bridging  the 
gapj  this  may  have  had  no  connection  with  the  results  obtained; 

4.4.3.  Among  the  special  tests  carried  out  in  this  series 
Y/ere  the  introduction  of  cotton  fibres  into  the  electrode 
gap  and  the  separation  of  the  elctrodes  by  a  1  mil.  polythene 
film:  measurements  were  also  made  in  oxygen  containing  ammonia, 
diethyl  ether  or  methanol  vapours.  The  measurements  in 
the  presence  of  cotton  fibres  gave  fairly  consistent  readings 
in  wet  oxygen  of  between  500  and  6OO  mV:  the  introduction  of 
ammonia  raised  the  potential  to  the  7OO  to  800  mV  region, 
while  diethyl  ether  and  methanol  gave  much  lower  values. 

The  voltages  obtained  with  the  polythene  film  spacer  were  very 
variable  and  both  positive  and  negative  potentials  were 
obtained,  probably  due  to  a  combination  of  resistive  and 
capacitative  effects.  The  electrodes  and  the  polythene 
were  only  loosely  in  contact,  and  there  was  ample  space  for 
the  diffusion  of  water  vapour  to  the  surface  of  the  crystal. 

The  figures  obtained  in  all  ttiese  measurements  are  detailed 
in  the  table  below. 

Potential  readings  (l.l.l)  si^face  of  2.5  ohm-cmn-type 
Ge.hlectrode  spacing  0.2  mm  (unless  otheCTise  stated; 

Treatment  of  surface  Max.  Remarks 

Voltage 
+ 


4.4.4. 


Expt  Run 
No.  No. 


1  1  Pt.  electrode  cathodi- 

cally  reduced  at  3A  in 

H„S0.  soln 
4  4 

Ge  groumd  on  6OO  mesh 
carborundum,  etched 
in  perborate. 

2  5  mins,  in  dry  0^ 


Load  resistor 
2,5xlOlO  ohms, 
hlectrode  spacing 
0.  3  mm. 


0,050  Dry  Op 

0,530  Wet  Op 

0,050  Dry  Op 

0.510  Wet  O2 

Electrode  gap  exam¬ 
ined  for  fibres,  but 
none  detected. 
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Expt. 

Run 

Treatment  of  surface 

Max. 

Remarks 

No. 

No. 

Voltage 

+ 

3 

10  mins,  in  dry  air 

0.015 

Dry  air 

0.055 

Biy  0„ 

0.057 

Wet  0^ 

4 

40  mins,  in  dry  air 
Pt-electrode  cathodi- 

d. 

cally  reduced  at  JA  in 
H_S0.  soln.  for  30  mins. 

0.033 

Dry  air 

^  4 

0.110 

Dry  0- 

0.130 

Wet  of.  Voltege 
fell  rapidly 

2 

1 

Re-etched  in  CPI 

Baked  on  hot-plate 
at  150°C  for  3  mins. 

0.070 

Dry  0- 

0.130 

Wet  0^ 

3 

1 

Re-ground  on  303^  Aloxite 
Etched  in  perborate 

0,080 

Dry  0. 

0.150 

V/et  0^  Voltage  fell 
rapidly 

2 

Baked  on  a  hot  plate 
at  200 °C  for  5  mins 

0.080 

Dry  0. 

0.030 

Wet  0^.  Palling  to 

0.015 

4 

1 

Re- etched  in  perborate 
+  ammonia. 

0.070 

Dry  0- 

0.110 

Wet  0^.  Voltage 
fell  rapidly 

2 

Left  for  2  days  in 
dry  atmosphere 

0.070 

Dry  0» 

0.060 

Wet  Og 
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Expt. 

Run 

Treatment  of  surface 

Max. 

Remarks 

No. 

No. 

Voltage 

+ 

5 

1 

Re- etched  in  CPI 

0.040 

Dry  0- 

0,300 

v/et  0^ 

2 

Left  for  20  mins  in  dry 

air 

0.040 

Dry  air 

0.100 

Dry  0„ 

0.360 

Wet  Og 

6 

1 

Benzaldehyde  +  U.V. 

0.095 

Dry  O5 

Lig^it  for  10  mins. 

0.120 

Wet  Og 

7 

1 

Ground  on  280  mesh  car¬ 
borundum,  deemed  with 
water  and  soap,  but  not 
etched. 

0.010 

Dry  air 

0.030 

Dry  0-  Rising  to 
0.060‘^in  5  mines. 

0.090 

Vet  Og 

8 

1 

Etched  in  perborate 

0.050 

Dry  0, 

-0.010 

Vet  Og 

9 

1 

Re-grovmd  on  600  mesh 
carborundum  and  305^ 
Aloxite.  Etched  in 
perborate 

0.040 

Dry  0- 

0.110 

Vet  0^ 

2 

Left  for  20  mins,  in 

dry  air 

0.090 

Dry  0- 

0.100 

Vet  Og 

10 

1 

Re- etched  in  CPI 

0.030 

Dry  Oj 

0.180 

Wet  O2 

11 

1 

Re- etched  in  W-Ag 

0.045 

Dry  0„ 

0.080 

Vet  0, 

2 

Ge  exposed  to  NH 
vapour  before  test. 

0.070 

Dry  0; 

0.080 

Wet  Og 

0.030  Dry  0. 

0. 520  Wet  Og 


12  1 


Re- etched  in  CPI 
Cotton  fibres  placed  in 
electrode  gap 
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Eypt, 

Run 

Treatment  of  surface 

Max. 

Remarks 

No. 

No. 

Voltage 

+ 

13 

1 

Re«  ground  on  600  mesh 
carborundum.  Etched 
in  perborate.  Cotton 
fibres  plaoedin 
electrode  gap 

0.030 

Dry  0 

0.550 

V/et  Og 

14 

1 

Re- etched  in  NaOCl  + 
NaOH.  Cotton  fibres 
placed  in  electrode 

gap. 

0.035 

Dry  0^ 

0.580 

Vet  Og 

2 

Left  for  20  mins,  in 
dry  air 

0.035 

Dry  0 

Oxygen  bubbled  throu^ 

0.860  NHj  soln. 

0,700 

Wet  0^  +  NH^ 

3 

Left  for  5  mins,  in 
dry  0„  flow. 

0.035 

Dry  0^ 

C 

0.800 

Wet  Og  +  NHj 

4 

Left  for  10  mins,  in 
dry  0  flow.  Oxygen 
bubbled  through 

Et.O.Et 

0.300 

0„  +  EtOEt 

5 

Left  for  10  mins,  in 

dry  0„  flow. 

Oxygen  bubbled  through 

MeOH 

0.200 

Og  +  MeOH 

15 

1 

Re- etched  in  CPI 

Pt  electrode  separated 
from  Ge  by  1  mil. 
polythene  film 

+0. 600 

Dry  air 

-0.100 

Dry  0 

+0. 250 

Wet  0^.  Palling 

to  +0f020  in  20  mins. 


16  1  Siorface  ground  on 

600  mesh  carborundum  +0. I50  Dry  Air 

Not  etched.  Pt.  electrode  -0. I30  Dry  0^ 

separated  from  Ge  by  1  +0. 510  Wet  Og 

mil  polythene  film. 


Treatment  of  surface 


Remarks 


Max. 

Voltage 

+ 


Re- etched  in  CPI 
Ft  electrode  separated 
from  Ge  by  1  mil. 

polythene  film.  +0. 340  Dry  air 

-0.200  Dry  0- 

-0.230  Wet  oi  Comm¬ 

encing  at  -0.100 


Re- etched  in  NaOCl-NaOH 
soln. 

Pt.  electrode  separated 
from  Ge  by  1  mil.  poly¬ 

thene  film. 

+0.270 

Dry  air 

-0.190 

Dry  Og 

Benzaldehyde  +  D.V. 

-0. 540 

Wet  Ot  -  commen¬ 
cing  at  +  0.050 

Light  for  10  mins 

+0.100 

Dry  air 

-0.180 

I>ry  0- 

-0. 300 

Wet  Op  -  cranmencing 
at  -0.100 
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4*9  Pptmtlal  vtAijum  with  contiaaoiig  recording  fyf  Vm 
Waarac-Kezr  1L141  and  ualnig  a  fdasa  fibre  probe. 

4*5>1»  The  next  series  <f  experiments  was  conducted  to 
determine  tiie  time-vcltage  characteristic  of  the  surfaoe 
potential .  under  changing  conditions  of  ambient,  and  aftev 
disturbing  the  eleotrioal  equilibrium  of  the  system. 

4*  3*  2.  The  output  of  the  Wayne-Kerr  M.141  was  oonnseted 
to  the  Hl-Speed  potentiooetrlo  recorder  (full  soalo  3 
bgr  a  potential  divider  t  a330  ohm  and  a  10  ohm  resistor  wete 
oonneoted  in  series  aerossthe  output,  and  the  recorder  Wat  IM 
across  the  10  ohms. 

4*3«3*  '^t  this  stage  in  Hie  investigatlcm,  it  had  been 

decided  that  some  form  of  oonduoting  path  to  the  surfaoe  of 
the  sample  from  the  platinum  was  probably  essential  to  give 
meaningful  recullngs  on  the  state  of  the  surfaoe.  In  Tiew  of 
the  wexy  high  input  resistance  of  the  measuring  eqaipaent 
(10^°«  ohms  possible  maximum,  but  about  10^^  ohms  in  this 
particular  practical  application),  the  use  of  glass  fibre  as 
a  probe  material  seemed  to  be  vexy  suitable.  A  number  of 
fibres  were  cemented  to  the  platinum  grid  so  that  they  would 
contact  the  surfaoe  of  the  germanium  sample  at  a  distance  of 
1  to  2  mm.  For  a  typical  germanium  sample,  it  was  found  that 
the  path  from  platinum  to  germanium  had  a  reaistan’oe  of  about 
l(r^  ohms  I  this  was  sufficiently  low  conqiared  with  ttie  Input 
reelstanoe  to  give  a  negligable  voltage  drop.  The  time 
constant  of  the  system,  assuming  an  input  oapaoitanoe  of 
3  pf. ,  was  then  only  0.03  sec, ,  much  shorter  than  that  of  the 
instrument  Itself  (  1  second) ,  so  that  there  was  a  neg^lgaUe 
effect  on  the  response  speed* 

4.3«4*  It  was  hoped  that  the  j^ass  fibres  would  be  aUe 
to  probe  the  surfaoe  potential  of  the  sample  wltiiout  dlstosMaf 
the  system  either  electrically  or  mechanically.  While  eoi^ 
duotion  probably  takes  place  in  the  surface  layer,  it  is  not 
necessary  to  assume  this  in  interpreting  the  readings}  for  a 
sample  with  reasonably  uniform  surfaoe  properties,  the  average 
potential  picked  up  from  a  number  Of  isolated  areas  bgr  ^ 
varixnis  fibres  should  be  equally  aooeptable. 
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4.3.5.  ^  the  sequence  of  experiments  three  types  of 

germanium  were  examined,  vie.  n-type,  i^'iype,  near- 
jhtrineio.  The  samples  were  etched  with  CFT  reagent,  mixed 
with  distilled  water  and  then  examined  in  the  wet  and  dry 
ambients.  After  the  first  cycle  of  voltage  recordings  the 
specimen  was  removed  and  anodised  in  2^  euDomonium  acetate 
solution  for  10  minutes  at  50  cm”  .  The  specimen  was 
then  rinsed  and  re-cycled  as  before.  The  ambient  was  either 
dry  oxygen  or  oxygen  bubbled  through  distilled  water. 

4*5.6.  At  the  cocmencement  of  a  run,  moist  oxygen  was 
passed  through  the  electrode  chamber  and  the  voltage  of  the 
system  allowed  to  reach  a  fairly  steady  value.  This  veiLue 
varied  from  300  to  700  mV  but  was  most  frequently  found  to 
be  about  500  mV,  the  germanium  being  negative  to  the  platinum. 
Next,  the  ambient  was  changed  to  dry  oxygen  by  simply  by- pass¬ 
ing  the  bubbler,  whereupon  the  voltage  commenced  to  decay  to  about 
zero.  The  volt^e  was  then  regenerated  by  returning  to  a 
most  oxygen  ambient.  Upon  reaching  a  steady  value  the 
electrodes  were  momentarily  short-circuited  after  which  the 
potential  rose  rapidly  to  its  steady  value.  The  reverse  effect, 
i.e,  the  momentary  application  of  an  external  field  slightly 
in  excess  of  the  steady  voltage,  was  also  examined.  The 
ambient  was  then  changed  to  dry  oxygen  and  a  second  recording 
of  the  decay  obtained.  Finally,  when  this  voltage  had  reached 
a  minimum,  the  external  field  was  momentarily  applied  for  a 
second  time  and  the  resulting  decay  curve  recorded.  A  few 
variations  to  this  scheme  were  also  tried  and  they  will  be 
mentioned  in  the  discussion. 

4.5.7.  Restxlts 


Some  of  the  actual  cijrves  obtained  are  illustrated  in 
Figs.  2I-23.  However,  since  no  radical  difference  in 
behavioiir  was  noted  between  any  of  the  specimens,  the  general 
form  of  the  results  is  illustrated  by  the  idealized  curve 
given  in  Fig,  20,  A  detailed  interpretation  of  these  results 
will  be  given  in  Sect. 6.4* 


4.6 
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Measurenient  of  surface  r  combination  rate  by 
the  Photoelectromagnetie  effect 

4.6.1  Apparatus.  The  prepared  germanium  seunple  was 
mounted  in  the  gap  of  a  reasonably  powerful  permanent  magnet 
(ilOO  gauss) .  Illumination  was  provided  by  a  JOO  watt 
projector  lamp,  throu^  a  lens  system  of  10  cm,  dieuneter  and 
a  water  cell  2.5  cm.  deep,  to  absorb  heat  radiation.  The 
open-circuit  output  voltage  from  the  specimen  was  measured 
accurately  by  a  backing-off  potentiometer  in  series  with  a 
sensitive  null  indicator  of  high  impedance.  The  original 
contact  potential  amplifier,  shown  in  Fig.  7,  was  used  as 
the  null  indicator:  the  very  hi^  input  impedance  was  useful 
in  providing  a  sharp  balance  point.  A  diagram  of  the  whole 
assembly  is  given  in  Fig.il. 

4.6.2,  Procedure.  Slices  of  germanium  were  cut  from  a 
40  ohm-cm  n-type  crystal,  with  a  minority  carrier  lifetime  of 
about  200  microseconds.  The  samples  were  about  0,8  mm, 
thick,  2  cm.  long  and  1  cm.  v/ide,  and  the  surfaces  were 
prepared  by  grinding  on  280  mesh  followed  by  600  mesh 
carborundum:  the  thicknesswas  acciarately  measured  with  a 
micrometer.  The  surfaces  were  then  electrolesB-copper  plated 
in  a  CuSO./HF  mixture,  as  described  by  Davies  and  Milne  C^l)^ 
100  ml.  of  saturated  aqueous  copper  sulphate- solution  was 
mixed  with  4  ml.  40?^  hydrofluoric  acid  solution  and  the  ground 
sample  was  immersed  in  the  solution  for  5  "to  10  minutes. 

Two  small  spots  of  wax  were  placed  on  one  side  of  the  sample, 
about  1,5  cm.  apart,  where  the  probe  contacts  were  required, 

€ind  the  whole  sample  was  immersed  in  50?^  nitric  acid  for  a 
short  while  to r emove  the  excessoopper.  The  sample  was  then 
washed  in  double-distilled  water,  followed  by  benzene  to 
remove  the  spots  of  wax.  This  provided  two  small  copper 
spots  for  attachment  of  the  probes.  The  copper  was  tinned  ^ 
by  gradually  heating  the  sample  on  a  hot  plate  to  about  250  C. 
and  touching  with  a  small  piece  of  resin-corsd  solder. 

After  cooling,  fine  leads  could  be  attached  to  the  solder, 
using  a  finely  pointed  soldering  iron.  The  short  lengths  of 
fine  wire  were  supported  by  heavier  leads  of  20  gauge  wire, 
which  formed  the  external  connections. 

The  sample  was  supported  in  a  horizontal  position  about  8  mm. 
above  a  microscope  slide  with  the  connecting  leads  extended 
on  either  side.  A  cylindrical  polythene  former  was  placed 
around  the  assembly,  to  act  as  a  mould,  and  Araldite  was 
poured  in, just  to  the  level  of  the  ^pper  germanium  surface 
The  assembly  was  baked  at  about  lOO'^C.  for  2  hours  to  cure 
the  resin  ,  after  which  the  polythene  mould  could  be  peeled 
away.  The  projecting  ends  of  the  glass  slide  can  be  cut  away, 
if  required,  A  section  of  a.  mounted  sample  is  shown  in  Pig, 12 
The  thickness  of  the  whole  assembly  was  then  aocurately  cheeked 
with  a  micrometer  and  compared  with  the  slice  thickness, 
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as  previously  recorded, so  that  a  check  cf.  id  be  kept  of  the 
sample  thickness  during  subsequent  experiruents.  The  surface 
of  the  sample  was  li^tly  re-ground  on  600  mesh  carborundum 
then  etched  5  times  in  small  quantities  of  CPI  etch,  to  give 
a  cleeun  polished  surface,  washed  well  in  double-distilled 
water  and  dried.  The  sample  was  then  ready  for  use.  It  was 
mounted,  as  shcrm  in  Fig. 11,  with  the  line  joining  the  two 
probe  contacts  perpendicular  to  the  magnetic  field.  The  lamp 
was  ad,justed  to  focus  the  maximum  amount  of  light  on  the 
sample;  this  is  best  carried  out  by  adjusting  for  a  maximum 
output  voltage.  Any  residual  potentials  were  first  balanced 
out  on  the  potentiometer  then  the  output  voltage  with 
illumination  was  measured.  Only  short  periods  of  illumination 
were  used,  to  avoid  thermal  effects.  In  each  experiment  the 
surface  was  treated  as  required,  measurements  taken  and  com¬ 
pared  with  standard  readings,  to  obtain  an  estimate  of  the 
effect  of  the  surface  treatment  on  surface  recombination  rate, 

A,6.3«  Principles  of  the  method.  The  photoelec tr/o- 
magnetic  effect  (pEM)  is  a  variation  of  the  Hall  effect  in 
which  carriers  are  optically  generated,  and  by  interaction 
with  the  magnetic  field  generate  a  current  or  voltage  in  the 
specimen.  A  simplified  diagram  is  given  in  Fig.  13,  which 
illustrates  the  creation  of  a  hole-electron  pairs  by  the 
adsorption  of  a  photon  at  the  upper  surface  of  the  crystal. 

The  hole-electron  pair  drifts  a  diffusion  length  L  into  the 
crystal,  and  is  separated  by  the  transverse  magnetic  field 
B  into  a  separate  hole  and  electron,  spaced  at  the  Hall 
angle  0.  In  short-circuit  conditions,  one  pair  per  second 
will  contribute  one  unit  of  current  in  the  lateral  direction 
if  the  charges  are  separated  by  the  length  of  the  sample: 
in  practice,  the  splitting  is  much  less  and  the  contribution 
of  the  injected  carriers  will  be  reduced  by  the  factor 
0  (L/1),  v/here  1  is  the  length  of  the  sample.  When  F 
photons/sec.  are  absorbed,  the  total  short  circuit  current  will 
be 

Ig  =  Fe  &  (L/1) 

As  shown  by  Shockley  (22) 

we  can  substitute 


0  = 

L  =  (virw/e)*, 

where  andTare  the  effective  mobility  and  lifetime  respectively 
and  kT/e  is  the  temperature  in  elctron  volts.  The  relation 
then  becomes, 

I  =  Fe^iB  (u'fckT/e)'^ 

®  1 

I  =  FeB  (kT/e)^(u^T)^ 

®  1 


or 
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The  open-circuit  voltage  V  =  Rls,  for  a  sample  of  resistance 
R,  Thus,  the  short  circuit  cxirrent  is  proportional  to  the 
li^t  flux  per  unit  length  of  crystal,  F/1,  to  the  magnetic 
field  B  and  to  .  For  exact  calculations,  the 

differences  between  Hall  and  diffusion  mobilities  must  be 
allowed  for,  and  the  single  mobility  giving  the  best 
approximation  is  probably  the  majority  carrier  mobility: 
the  minority  carrier  lifetime  is  the  best  figure  to  use 
for  the  effective  diffusion  lifetime  XT. 

(23) 

Similar  relations  have  been  derived  by  Moss  '  and  by 
Aigrain  '^4;,  The  eqmtions  have  been  extended,  to  include 
surface  recombination  velocity  by  Pincherle  ^25)  and  by 
K\jrnick  and  Zitter  ^26}  r^ost  complete  treatment  has 

been  given  by  van  Roosbroeck  Applications  of  the 

PEM  method  to  the  measurement  of  surface  recombination 
velocity  also  been  discussed  by  Moss  et  ^ 

Bulliard  ^  Hilsian  et  al.  and  Hall  The 

mathematical  analysis  has  shown  that  when  thOgintensity  of 
illumination  is  high, at  about  10^®  photons/ cm  /sec.  the 
equation  involving  the  surface  recombination  velocity  S 
approximates  to  the  form, 

V  =  10“®.1BS 

where  V  is  measured  in  volts 

1  is  the  distance  between  the  contacts  in  cm, 

B  is  the  field  in  gauss. 

S  is  in  cm. /sec, 

••8 

The  factor  10  is  present  as  a  consequence  of  the  units 
employed.  For.  acc\pate  PME  measurements  of  S,  the  van 
Roosbroeck  v2(A5tj  method  requires  S  to  be  determined  on  the 
dark  surface  of  the  specimen.  The  short  circuit  FME  current 
is  measured  and  also  the  relative  conductance  increase  at  the 
same  li^t  intensity,  but  v/ith  no  magnetic  field.  The  ratio 
of  these  quantities,  mxiltiplied  by  a  factor  containing 
constants  for  the  material,  is  used  to  calculate  S,  The  use 
of  relative  conductance  increase  avoids  the  necessity  of 
determining  the  li^t  intensity  or  S  at  the  illiuninated 
surface  exactly.  The  maximum  output  obtainf;ble  for  a  given 
specimen  depends  to  some  extent  on  resistivity,  volume  lifetime, 
recombination  at  both  surfaces,  light  intensity  and  specimen 
thickness,  all  of  which  should  be  taken  into  consideration. 

However,  for  the  determination  of  approximate  values  and 
making  comparative  measurements,  the  simplified  relation_g 
derived  by  Moss,  Pincherle  and  Woodward  i.e.  V  =  10“°1BS, 
was  considered  to  be  suitable.  Our  practical  experiments 
were  based  on  the  work  of  Buck  and  Brattain  '^4;  Buck 
and  MoKlm  ,  who  used  the  simplified  system  for  compearing 
the  effects  of  surface  treatments  and  for  determining  the 
depth  of  abrasion  surface  damage.  Referring  now  to  Fig,12, 


54. 


if  the  illtuninated  surface  L  is  initially  etched,  to  give 
a  low  recombination  rate,  and  the  dark  surface  D  is  ground 
to  give  a  very  hi^  recombination  rate,  then  a  maximum  output 
on  illumination  will  be  obtained:  progressive  etching  of  the 
dark  surface  would  cause  the  output  to  fall  and  tend  towards  a 
very  small  constant  value.  Similarly  if  both  L  and  D  are 
initially  ground  to  give  high  recombination  rates,  then  a 
very  low  output  on  illumination  will  be  obtained:  progressive 
etchir*g  of  the  illuminated  surface  L  would  cause  the  output  to 
increase  and  tend  towards  aconstant  maximum  value.  This 
reciprocal  behaviour  is  illustrated  in  Pig. 14,  which  is  based, 
on  the  results  of  Buck  and  Brattain  ^^4;, 

There  are  certain  disadvantages  in  studying  the  effects  of 
surface  treatment  on  the  dark  surface,  as  it  is  useful  to 
set  this  region  in  a  hard  plastic  to  protect  the  fine 
contacts  from  damage,  and  thei-e  may  be  some  contamination 
of  the  surface  from  these  contacts  during  chemical  treatment. 

In  our  experiments  we  were  interested  in  observing  any 
effect  of  benzaldehyde  and  irradiation  on  the  surface  re¬ 
combination  rate  at  an  etched  surface,  and  it  was  clearly  more 
convenient  to  do  this  at  the  exposed,  illimiinated  surface. 

The  reciprocal  relation  of  the  two  curves  in  Pig, 14  show 
that  one  can  legitimately  make  the  experiments  using  either  of 
the  two  surfaces.  If  the  thickness  of  the  sample  is  small  compcixed 
with  the  diffusion  length  of  the  injected  carriers,  the  star- 
faces  can  be  regarded  as  almost  coincident.  In  either  case, 
great  accuracy  cannot  be  obtained,  as  the  maximum  or  minimum 
values  of  V  are  approached  asymptotically  as  the  test  surface 
approahces  a  well  etched  condition,  and  it  is  necessary  to 
assume  (from  published  data)  some  representative  value  for 
S  for  an  etched  or  a  grotind  surface  before  any  calculations 
ean  be  made. 

The  results  of  Buck  and  Brattain  suggest  that  a  further 

approximate  relation  can  be  derived  from  the  simplified 
equation,  involving  values  of  S  for  both  surfaces.  The 
relation  is 

V  =  10“^®1B  (Sjj-Sj^) 

where  Sjj  is  the  siirface  recombination  velocity  at  the  dark 
surface'^D, 

is  the  surface  recombination  velocity  at  the 
illuminated  surface  L. 

When  Sjj=Sj^,  either  when  both  are  groimd  or  when  both  are  etched, 

is  ground  and  is  etched 
V  _ >  maximum.  Suppose  that  when  L  receives  a  normal  etching 


then  V 


0  and  when 
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treatment,  with  D  remaining  in  the  ground  condition,  with  a 
constant  high  value  of  S,  the  PEIit  voltage  is  V^. 

Then  =  10-8  IB  (Sj^  -  ^ 

If  L  is  given  an  additional  surface  treatment  (e.g.  by 
benzaldehyde)  the  PEM  voltage  is  V^. 

Then  =  10“®  IB 

So  =  10-®  IB 

Or  dv  =  10“®  IB.dS 

Where  ds  is  the  small  change  bfou^t  about  by  the  additional 
treatment , 

It  should  therefore  be  possible  to  calculate  the  change  in  the 
value  of  S  for  such  a  treatment. 

For  a  constant  magnetic  field  strength  and  constant  light 
flux,  the  value  of  V  depends  on  the  concentration  gradient 
across  the  sample.  The  concentration  gradient  is  a  function 
of  the  difference  in  recombination  rates  at  the  two  surfaces, 

(Sjj  -  Sj^).  The  relationship  given  above  is  therefore  justified, 
to  a  first  approximation, 

4.6,4.  Measu-xements  of  the  photoelec tromagne tic  effect 
and  the  influence  of  benzaldehyde  treatment 

The  illumination  by  the  500  watt  projector  lamp, 
focused  on  _J;^e  svirface  of  the  sample, gave  a  li^t  intensity 
of  about  10  quanta/cm2/sec. , which  was  sufficient  to  give 

saturation.  The  magnetic  field  strength  was  1100  gauss. 

Two  sa:.ple8  were  used,  one  corai;,encing  at  0,025  cm,  thick,  the 
other  at  0.075  cm.  No  significant  difference  was  noted  in  the 
average  results  obtained  from  each  sample,  showing  that  the 
diffusion  length  was  considerably  greater  than  the  sample 
thickness.  The  san.ples  were  40  ohm-cm,  n-type  germanium  with 
a  minority  carrier  lifetime  of  about  200  microseconds.  Some 
indications  of  long  terra  changes  in  S  were  observed,  the  value 
decreasing  for  about  5  minutes  after  etching  or  benzaldehyde 
treatment  and  increasing  after  several  hours  exposure  to  the 
atmosphere.  The  readings  obtained  are  shown  below. 
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Sample  1.  Thickness  (initial),  0,075  cm. 

Electrode  spacing,  1,5  cm, 

Expt.  Siirface  treatment  PEM  Voltage  Remarks 

No,  vol tage  change 


CPI  etch 

0.064 

0.077 

+0.013 

Left  for  2  hrs. 

Treated  with  CuSO.  soln. 

4 

0.075 

-0.002 

CPI  etch  and  treated  with 

CuSO.  soln. 

4 

0.065 

Ph.CHO  +  U.V.  light  for 

10  mins. 

0.065 

0 

0.065 

0 

Left  for  2  hrs. 

CPI  etch 

Ph.  CEO  +  U.V.  light  for 

0.065 

10  mins. 

0.065 

0 

2  min.  after 
treatment 

0.080 

+0.015 

20  min.  after 

Treated  with  CuSO./HP 

treatment 

mixture  ^ 

0.065 

0 

- 

0.075 

+0,010 

3  hrs.  after 
treatment 

Re- treated  with  CuSO./HF 
mixture  ^ 

0.065 

0 

5  min,  after 
treatment 

Ph.  CEO  +  U.V,  light  for 

10  mins. 

0.070 

+0.005 

2  min,  after 
treatment 

0.075 

+0.010 

5  min.  after 
treatment 

0.065 

0 

16  hrs.  after 
treatment 

Ph.CEO  +  U.V.  light  for 

10  mins. 

0.070 

+0.005 

5  min,  after 
treatment. 

0.070 

+0.005 

3  hrs.  after 
treatment. 

Average 

0.069 
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Sample  2.  Thickness  (initial)  0.023  cm. 
Electrode  spacing  1.3  em. 


Expt. 

Surface  treatment 

PEM 

Voltage 

Remarks 

No. 

Voltage 

change 

1 

CPI  etch 

Ph.CHO  +  U.V.  light 

•  0.058 

for  10  mins. 

0.061 

+0.003 

2 

Re-ground.  Perborate  etch 

0.047 

Ph.CHO  +  U.V.  light  for 

10  mins. 

Ph.CHO  +  U.V.  li^t  for 

0.051 

+0.004 

10  mins. 

0.045 

-O.OO2 

3 

CPI  etch 

0.050 

0.070 

+0.020 

Left  for  1  hr. 

Ph.CHO  +  U.V.  light  for 

10  mins. 

0.075 

+0.025 

Ph.CHO  +  U.V.  li^t 
for  10  mins. 

0.095 

+0.045 

1  min,  after 
treatment. 

0.050 

0 

10  min.  after 
treatment. 

0.075 

+0,025 

Left  for  2  days 

Ph.CH0  +  U.V.  light  for 

10  mins. 

0.045 

-0.005 

1  min,  after 
treatment. 

0,065 

+0.015 

5  min.  after 
treatment. 

0.065 

0,065  0  5  ®in»  after 

_  treatment. 

Average  0,061 


After  each  sxirface  treatment  the  sample  was  washed  with  double- 
distilled  water  and  acetone  and  dried. 

For  the  purposes  of  comparing  the  behavioi'r  of  the  two  seimples,  the 
value  for  S  at  the  ground  surface  will  be  calculated  for  each,  using 
the  average  value  of  the  P.E.M.  voltages  obtained,  by  means  of  the 
standard  formvila. 

For  Sample  1,  the  average  is  0,069  V. 

V  e  10"®  IBS 

So  0.069  =  10"8.  1.5.  1100  S 

S  a  0.069.  10®  = 

1! 5.  1100 


4  CPI  etch 

Ph.CHO  +  U.V.  li^t 
for  10  mins. 


4200  cm/sec 
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For  sample  2,  the  average  Is  0.061  V. 

So  0,061  =  10“®.  1.5.  1100  S 

S  =  0.061.  10^  =  4270  cm. /sec. 

1.3.  1100 

The  two  samples  were  therefore  giving  identical  results 
within  the  limits  of  experimental  error,  and  as  their  thick¬ 
ness  ratio  was  3*1 »  the  diffusion  length  of  the  injected 
carriers  was  not  a  controlling  factor. 

The  results  for  the  benzaldehyde  treatment  are  somewhat  variable, 
but  taking  the  maximum  change  in  PEM  voltage  for  each 
benzaldehyde  treatment,  as  compared  with  the  original  etched 
surface,  and  averaging,  sample  1  gives  +0.006  ^8  sample  2 

gives  +0,011  V.  Only  two  instances  of  a  fall  in  voltage, 
of  -0,002  and  -0.005,  were  observed.  The  indication  is  that 
the  benzaldehyde  treatment  may  produce  aa  increase  of  about 
0,010  V,  in  such  experiments.  Taking  a  mean  value  for  the 
electrode  spacing  of  1.4  cm. ,  and  substituting  in  the 
equation  „ 

dV  =  10"°  1  B.dS 

0.010  =  10"®.  1.4.  1100  ds 

So  dS  =  0.010.  10®  =  650  cm. /sec. 

1.4.  1100 

4. 7  Measurement  of  the  effect  of  benzaldehyde  on 

photoelectric  current  output  from  surface  barrier 
diodes 

4»7.1.  Apparatus.  Slices  of  4  ohm- cm. ,  n-type  germanium, 
copper  plated  on  one  side  were  used  for  the  experiments.  The 
slice  was  clamped  in  a  base  clip  and  the  smrface  of  the 
germanium  was  ccntacted  by  a  pivoted  assembly  carrying  a 
Pt-Ru  whisker  \mder  a  pressure  of  about  2g,  The  assembly 
was  similar  to  that  used  for  the  rectification  tests  described 
in  Final  Report  1962  and  illustrated  in  Pig,  7  of  that  report. 

A  50  mA  meter  was  connected  between  the  whisker  and  the  copper 
base  contact  on  the  germanium.  This  meter  had  an  internal 
resistance  of  about  1200  ohms.  A  meter  reading  1.5  mA  aid 
5  mA  full-scale  with  a  very  low  internal  r  esisteuice  and  a 
series  of  load  resistoro  werealso  available,  for  reading 
higher  currents.  Illumination  was  provided  by  a  25O  watt 
tungsten  lamp  with  an  internal,  rou^ly  parabolic  reflector. 

The  lamp  was  at  a  distance  of  about  15  cm,  frcmi  the  germanium 
and  shining  onto  the  surface  at  an  angle  of  45°.  No  attempt 
was  made  to  filter  out  the  heat  radiation  from  the  lamp,  which 
therefore  gave  out  a  considerable  amount  of  infra-red. 
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4.7.2,  Procedure.  The  eurface  of  the  slice  was  first 
prepared  by  etching  in  CPI  to  give  a  reasonable  polish. 

Further  etching  in  NaOCl/NaOH  mixture  was  usually  found  to 
give  a  higher  photoelectric  output:  the  etch  was  prepared 
by  adding  a  few  pellets  of  sodium  hydroxide  to  20  ml. 
of  IO9&  sodium  hypochlorite  solution.  The  surface  of  the 
sl^ce  was  treated  for  about  3  minutes  in  the  etch  at  about 
40”c, ,  giving  a  fairly  rough  surface  with  a  clearly  visible 
film  of  oxide. 

After  clamping  the  sample,  the  whisker  was  lowered  into 
position  and  the  base- plate  tapped  several  times  to  stabilize 
the  position  of  the  contact-  The  launp  was  then  switched  on 
for  a  short  period  to  observe  the  photocurrent.  Only  short 
periods  of  illvmination  were  employed,  to  avoid  overheating 
the  ssunple.  However,  immediately  after  surface  preparation 
it  was  useful  to  allowthe  -5amp..e  to  become  warm,  as  the  naximum 
output  was  only  obtained  after  about  1  minute  of  illumination; 
this  was  attributed  to  a  drying  out  from  the  surface  film  of 
traces  of  water  and  solvent.  The  etched  surfaces  normally 
gave  a  constsint  output  on  illumination,  but  when  benzsddehyde 
was  added,  the  output  varied  with  time,  so  that  it  was 
necesssury  to  record  the  photocurrents  at  several  time 
intervals. 

In  experiments  where  polycyclic  hydrocarbons  were  tested  as 
stabilizing  agents,  these  were  added  as  a  solution  in  a  few 
drops  of  benzene,  before  the  addition  of  benzaldeliyde  to 
the  surface.  One  drop  of  benzaldehyde  was  used  in  each  experi¬ 
ment  and  aillowed  to  spread  '  the  slice  to  form  a  thin 

film  surrounding  the  whisker  contact. 

A  ccmparison  test  was  made,  using  a  p-n  junction  prepeu:ed  by 
alloying.  A  small  piece  of  gallium  wa^  placed  on  the  etched 
surface  of  a  slice  gf  4  ohm- cm,  n-type  germanium,  which  was 
heated  to  about  500°C  for  5  minutes  in  a  protective  atmosphere, 
then  allowed  to  c  ool  slowly.  The  excess  gallium  was  dissolved 
away  in  dilute  hydrochloric  acid,  leaving  a  small  depression 
in  the  surface  c  ning  a  p-n  junction  formed  by  the  re-growth 
of  germanium  from  gallium  solution.  The  junction  was  finally 
cleaned  by  a  very  brief  etching  in  CPI  etch.  Photoelectric 
tests  were  carried  out  on  this  junction  diode,  contacting  the 
I>-layer  with  the  Pt-Ru  whisker.  It  was  considered  that  the 
thin  p-layer,  formed  by  re-growth  frcmi  the  gallium,  would  give 
a  good  photodiode. 

The  results  obtained  in  these  meas\irements  are  recorded  below. 
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4 . 7*  3«  Photocurrent  measurements  on  n-type  germanium 

4  ohm-cm.  Ge.  surface  barrier  diode.  Pt-Ru  whisker 


Expt. 

No. 

Surface  treatment 

Time 

Mins. 

Photo 

^  increase  Remarks 

current 

[Ik. 

in  cvirrent 
due  to  ben- 
zaldehyde 

1 

CPI  etch 

12.5 

5 

5 

7.5 

5 

0 

50 

0 

2 

CPI  etch 
+  Ph.CHO 

1 

2 

5 

3 

Wash  with  acetone 

2.5 

+  Ph.CHO  +  anthracene 

2 

5 

100 

5 

7.5 

200 

10 

0 

4  Wash  with  acetone  0 

+  Ph.CHO  1  2.5 

5  2.5 


5 

NaOCl/NaOH  etch 
+  Ph.CHO 

1 

5 

7 

10 

13 

15 

20 

5 

12,5 

20 

9 

10 

10 

7.5 

7 

150 

500 

80 

100 

100 

50 

40 

After  1  min, 
illumination 

6 

Wash  with  acetone 

7 

After  1  min. 

+  Ph.CHO  +  anthracene 

1 

10 

43 

illuminat ion 

2 

12 

71 

5 

12.5 

79 

5 

12.5 

79 

10 

15 

114 

15 

17 

142 

90 

17 

142 

7 

Wash  with  acetone 

17 

+  Ph.CHO 

1 

30 

76 

2 

35 

106 

5 

30 

76 

7 

17 

0 

10 

12.5 

-27 

13 

12 

-29 

20 

12 

-29 
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Erpt. 

No. 

S\jrfaoe  treatment 

Time 

Mins. 

Photo 

current 

\ik. 

%  increase 
in  current 
due  to  ben- 
zaldehyde 

Remarks 

e 

Wash  with  acetone 

17 

+  Ph.CHO  +  fluorene 

1 

30 

76 

3 

25 

47 

5 

17 

0 

7 

17 

0 

10 

17.5 

3 

15 

17.5 

3 

17 

18 

6 

20 

18 

6 

9 

Wash  with  acetone 

17.5 

+  Ph.CHO  +  Phenanthrene 

1 

30 

71 

3 

30 

71 

5 

25 

43 

8 

17.5 

0 

10 

17.5 

0 

15 

7 

-60 

20 

3 

-83 

10 

Wash  with  acetone 

8 

After  2  min. 

+  Ph.CHO  +  acenaphthene  1 

22 

175 

illumination 

3 

13 

62 

5 

15 

87 

15 

15 

87 

20 

10 

25 

11 

Wash  with  acetone 

10 

+  Ph.CHO  +  coronene 

1 

20 

100 

Output  appear¬ 

2 

22.5 

125 

ed  suddenly 

5 

17.5 

75 

after  JO  sec. 

7 

7.5 

-25 

illumination 

10 

8 

-20 

12 

8 

-20 

20 

7 

-30 

12 

Wash  with  acetone 

+  Ph.CHO  +  anthracene 

1 

12.5 

67 

Output  appear¬ 

2 

12.5 

67 

ed  after 

5 

13 

73 

JO  sec. 

7 

10 

33 

10 

5 

-33 

15 

3 

-60 

1 

1  ^ 
1 

Na.OCl/NaOH  etch 

20 

Output  appear¬ 

+  Ph.  CHO 

1 

30 

50 

ed  after 

3 

20 

0 

20  sec. 

5 

12 

-40 
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Exnt. 

No. 

Surface  treatment 

Time 

Mins. 

Photo 

current 

iiA, 

increase  Remarks 
in  current 
due  to  ben- 
zaldehyde 

14 

«/ash  with  acetone 

5 

+  Ph.CHO  +  anthracene 

1 

12 

140 

5 

10 

100 

10 

8 

60 

15  5  0 


15 

Wash  with  acetone 

10 

+  Ph.CHO  +  carbazole 

1 

20 

100 

3 

18 

80 

5 

17.5 

75 

10 

7 

-50 

15 

7 

-30 

20  3  -70 

16  Wash  with  acetone  7 


+  Ph.CHO  +  phenanthrene  1 

5 

10 

15 

20 

17 

17 

12 

3 

3 

143 

145 

71 

-57 

-57 

17 

Wash  with  acetone 

5 

+  Ph.CHO  1 

18 

260 

2 

17.5 

250 

5 

12.5 

150 

10 

3 

-40 

15 

3 

-40 

20 

5 

0 

le 

NaOCl  +  NaOH  etch 

17 

+  diphenyl  picryl  hydrazyl 

17 

+  Ph.  CHO  1 

27.5 

62 

2 

25 

47 

8 

15 

-12 

15 

12.5 

-26 

20 

7 

-59 
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Ept. 

Surface  treatment 

Time 

Photo 

Power  RI^. 

Remarks 

No. 

Mins 

Current 

fiW. 

19 

Wash  with  acetone 

40 

0.016 

Load  10  ohms 

40 

0.064 

"  40  " 

35 

0.122 

"  100  " 

32 

0.204 

"  200  '' 

30 

0.45 

"  500  " 

27 

0.725 

"  1000  " 

20 

+  Ph.CHO 

75 

0.056 

Load  10  ohms 

70 

0.196 

"  40  " 

60 

0.360 

"  100  " 

55 

0.606 

"  200  " 

50 

1.25 

"  500  " 

35 

1.22 

"  1000  " 

Expt« 

No. 


4  ohm- cm 


■  iijm  doped  .junction.  0,5  mm.  diameter 


Surface  treatment  Time  Photo  %  increase  in  Remarks 

Mins  Current  liA.  circuit 

due  to 
benzaldehyde 


21  Alloyed  jxmction  1170  Load  40  ohms 

+  Ph.CHO  1  1340  14.6 

2  1500  20 

3  1670  43 

4  1670  43 

5  1670  43 

7  1340  14.6 

10  1000  -14.6 

13  1240  6 

15  1240  6 

18  1500  28 

20  1500  28 


22 

Wash  with  acetone 

3 

750 

1000 

33.3 

Load  40  ohms 

CM 

Wash  with  acetone 

1 

2700 

Load  10  ohms 

3  2  760 


Power  RI^ 
tiW. 


2000 

40 

Load  10 

ohms 

1200 

57.5 

It 

40 

II 

700 

49 

tl 

100 

II 

350 

24.5 

If 

200 

II 

150 

11.25 

ft 

500 

II 

80 

6.4 

tl 

100 

tl 
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It  should  be  noted  that  the  activity  of  the  surface  varied 
from  experiment  to  experiment  and  from  point  to  point  on 
a  given  surface,  in  experiments  1  to  16,  The  absolute 
values  of  the  photocurrent  therefore  shows  some  variability, 
but  the  percentage  inci'ease  for  the  addition  of  benzaldehyde 
should  be  a  more  significant  parameter,  Experiment 
No.  19,  using  the  gallium  jiinction  showed  some  random 
fluctuation  in  current  during  the  run,  probably  due  to  the 
contact  resistance  of  the  Pt,  whisker  on  the  p,  layer. 

The  general  picture  given  by  these  results  is  that  the 
enhanced  photocurrent  produced  by  the  bcnealdehyde  declines 
rapidly  after  7  io  10  minutes  (with  occasional  exceptions, 
e.g,  Expt,  5).  The  addition  of  some  polycyclic 
hydrocarbons  may  extend  the  period  of  enhanced  photocurrent, 
although  the  effect  is  very  variable. 
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5.0  DISCUSSION  OF  CHEMICAL  RESULTS 

5.1.  Evidence  for  a  nmnber  of  r&action  products  of 
the  benzaldehyde  oxidation 

5.1.1.  The  investigations  carried  out  by  various  workers 
on  the  benzaldehyde  oxidation  have  been  reviewed  in  Pinal 
Report  1962,  Sect.  5.1.  All  the  published  papers  agree  on 
the  initial  formation  of  perbenzoic  acid  and  the  r^id 
decomposition  of  this  product  with  the  formation  of  benzoic 
acid  \3) (35) (34) (35) (3o)  Wittig  and  Pieper  a35),  Waters  and 
Wickham- Jones  ^54)  and  Mulcahy  and  Watt  (5^)  have  been  mainly 
concerned  v/ith  determing  the  mechanism  of  the  decomposition 
of  the  perbenzoic  acii  and  other  end-products  of  the  reaction 
are  not  considered.  This  apT^roach  is  probably  justified,  as 
the  experiments  were  carried  out  under  conditions  where  the 
effect  of  surfaces  on  the  course  of  the  reaction  was  small. 

5.1.2.  Ingles  and  Melville  studied  both  the  chain 

propagation  and  termination  of  the  reaction  in  n.-decane  sol¬ 
ution,  The  solid  reaction  products  were  found  to  be  partly  per- 
oxidic.  In  tfhe  plotting  of  log  (relative  rate  of  oxida- 
-tion)  against  log  (intensity'*' of  radiation) ,  a  straight 

line  graph  was  obtained,  with  a  gradient  of  0,5, 

The  gradient  showed  that  the  intensity  exponent  in  the  kinetic 
equation  was  0,5»  and  therefore  the  termination  reaction  was 
bimolecular.  The  progress  of  the  photochemical  reaction 
was  described  as  follows;- 


Photochemicd  initiation. 
Ph-C=0  +  hv  ^*^1  ^  Ph-C=0  +  H 

fi  - 


Chain  propagation. 
Ph-C=0  +  Og  ^2  . 


Ph-C=0 

6-0- 


Ph-C=0  +  Ph-C=0  ^5 

0  • 

0-0..  H 


Ph-5=0  +  Ph-C=0 
O-OH 


■> 
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Termination 

Ph-C=0  +  Ph-C=0  U  ^ 

Ph-C=0  +  Ph-C=0  k5  . 

&.0- 

Ph-C=0  +  Ph-C=0  ^  . 

6-0-  6-0- 


It  was  concluded  that  if  the  reaction  chains  were 
long,  then  at  the  hi^  oxygen  pressures  used,  the  rate  determining 
step  was  the  reaction  of  the  peroxy  radicals  with  the 
aldehyde  molecules,  and  the  rain  terminating  reaction  was  the 
interaction  of  two  pt-roxy  radicals.  The  photo-rate  was  given 
by 


] 

] 

I  -  inert  products 

] 

] 

] 

] 


^«^p=  S*  ^6'^IP^-CHO].  (i)^ 

where  (dC)  is  the  photo-rate 
(dt)P 

k,  is  the  velocity  coefficient  for  the  inter- 
'  action  of  peroxy  radicals  and  aldehyde 
molecules. 

kg  is  the  velocity  coefficient  for  the  termina¬ 
tion  reaction  between  t^ro  peroxy  radicals. 

I  is  the  radiation  intensity. 

The  values  found  for  the  velocity  coefficients  were 

k,  =  1.91  X  10^  mol.  l”^.  sec”^. 

kg  =  2.1  X  10®  mol.  l”^.  seo”^, 

Ingles  and  Melville  decided  that  the  termination  velocity 
constant  kg  was  related  to  steric  factors, 

5*1.3»  would  therefore  expect  to  find  in  the  reaction 

products  some  of  the  product  of  the  terminating  reaction  between 
two  peroxy  radicals.  The  most  obvious  product  would  be  dibenzoyl 
peroxide:- 
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Ph-C=0  +  Ph-C=0  _ Ph-C=0 

6-0-  6-0-  ^  6-0  +  Op 

0=C=Ph 

This  product  might  also  be  formed  in  the  reaction  between 
benzoyl  and  peroxy  radicals  but  on  a  smaller  scales- 


Ph-C=0  +  Py¥=C»=0 _  Ph-C=0 

6-0-  ^  0-0 

0=6-Ph 


The  same  reaction  might  also  give  benzil  and  oyxgen.  The 
terminating  reaction  between  two  benzoyl  radicals  would 
probably  result  in  the  formation  of  benzil 


Ph-C=0  +  Ph-C=0  .  Ph-C=0 


The  photolysis  of  benzaldehyde  ir«.  the  absence  of  oxygen  is 
reported  w)  to  yield  benzoin  as  the  .ain  product:- 

H 

Ph-C=0  +  hV  .  Ph-C-0 

H  OH 

Ph-C-0  +  Ph-C;=0  .  Ph-6-C-Ph 

ft  - fi  ‘6 


There  was  therefore  some  possibility  of  this  compound  also 
being  present. 

5.1.4.  In  the  reactions  we  have  studied,  the  surface  was 
a  predominant  factor  in  controlling  the  rate  of  reaction  by 
terminating  the  reaction  chains.  One  would  therefore  expect 
to  find  reasonable  queintities  of  the  products  of  the 
characteristic  terminating  reactions.  The  deficiency  in  the 
amount  of  benzoic  acid  produced,  compared  with  the  amount  of 
benzaldehyde  cons\uned,  as  shown  in  Final  Report  19^2,  Sect, 
5.2.11,  confirms  that  other  products  are  present. 


5. 2.  Interpretation  of  results  obtained 
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5. 2. 1,  Detection  of  benzoic  ncid  and  perbenzoic  acid 

on  the  gas  chromatograph. 

Out  experiments  have  shovm  th  t  benzoic  acid,  v/ith 
a  boiling  point^of  24y  C.  has  a  sufficiently  high  vapour 
pressure  at  110  C.  to  pass  through  the  coltimn  in  a  reason¬ 
ably  short  time.  The  ionization  detector  is  obviously 
very  insensitive  to  benzoic  acid  and  was  not  capable  of  detecting 
the  amounts  normally  obtained  in  our  experiments,  Similarly, 
perbenzoic  acid,  present  is  even  smaller  amounts,  could  not 
be  detected,  for  the  same  reason.  The  failure  to  detect 
these  compounds  was  clearly  a  deficiency  which  could  be  remedied  by 
further  experiments  with  ether  types  of  sensitive  detector. 

We  are  novv'  experimenting  with  the  flame  ionization  detector, 
but  unfortunately  this  detector  was  not  available  when  the 
measurements  v/ere  being  made. 

5.2.2.  Variation  in  concentration  of  perbenzoic  acid 

The  change  in  concentration  of  perbenzoic  acid 
during  a  typical  r\in  is  shovm  in  Pig.  5,  the  graph  being  based 
on  the  electrometric  titration  curves  of  Pig.  4.  »/hile  the 
general  pattern  of  the  rapid  rise  and  gradual  fall  of  the 
perbenzoic  acid  concentration  is  similar  to  that  described 
by  Waters  and  Wickham-Jones  \54)  and  Mulcahy  and  V/att  , 
the  change  took  place  in  a  much  shorter  period  in  our 
experiments.  Fig,  5  shows  that  the  concentration  was  very 
small  after  25  minutes,  although  the  other  workers  report 
considerable  concentrations  still  present  in  their  systems 
after  this  time.  The  rapid  decline  of  the  concentration 
of  the  per-acid  is  clearly  the  result  of  the  removal  of 
the  peroxy  radicals  at  the  germanium  surface, 

5 . 2 . 5«  Detection  of  other  oxidation  products 

The  failure  to  detect  any  other  stable  compounds 
present  in  the  oxidation  products,  e.g,  benzil,  benzoin  or 
benzoic  anhydride  may  once  again  show  the  limitations  of  the 
gas  chromatographig  equipment  which  was  in  use.  A  column 
temperature  of  270  -300°C  would  have  been  preferable  for  this 
examination,  but  was  not  obtainable  at  the  time  of  the  ex¬ 
periments,  The  addition  of  standard  amounts  of  benzil  and 
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benzoin  did  not  produce  any  peaks  at  the  colmnn  temperature 
of  212°C,  There  appears  to  be  no  published  information  on 
the  retention  times  of  benzoic  acid,  benzil,  or  benzoin, 
or  on  the  sensitivity  cf  the  ionization  detector  to  these 
compounds. 


However,  subsequent  chemical  tests,  reported  in  Sect. 5.7» 
suggest  that  little  or  no  benzil  or  benzoin  can  be  present, 
and  the  product  of  the  terminating  reaction  is  probably 
dibenzoyl  peroxide  only.  The  oxidation  reactions  confirm 
the  presence  of  a  peroxide,  but  not  its  exact  identity. 

6. 0  Discussion  of  Physical  Results 

6.1.  The  discussion  of  the  contact  potential,  or  as  we 
will  now  call  them,  surface  potential,  measurements  will  be 
left  until  last,  as  the  subject  is  of  a  more  complex  and 
controversial  nature  than  the  surface  recombination  and 
photoelectric  work:  furthermore,  it  is  not  directly  concerned 
with  the  original  objects  of  this  rese.arch  program,  althou^ 
it  is  of  considerable  fundamental  importance. 

6.2.  Surface  recombination  rate 


6,2.1,  It  is  clear  from  the  photoelec tromagne tic  effect 
measurements,  that  once  a  surface  with  a  reasonably  low 
recombination  rate  has  been  prepared,  it  is  not  easy,  using 
a  simple  procedure,  to  make  accurate  estimates  of  small 
changes.  This  is  because  the  PEM.  voltage  tends  towards  a 
constant  maximum  or  a  constant  minimum  reading  for  low 
values  of  S,  depending  on  whether  the  opposite  surface  is 


ground  or  etched. 
Roosbroeck  \27M52/ 


The  more  complex  procedure  of  van 
would  be  necessary  to  obtain  more 


accurate  measurements,  but  as  we  were  mainly  interested  in 


comparative  results  the  more  complex  measurements  were  not 


justified. 


6,2.5.  Oui’  estimates  of  the  surface  recombination  velocity  on 
each  of  the  ground  surfaces,  4200  cm. /sec,  and  4270  cm, /sec, 
stre  reasonable  approximations  for  the  simplified  method,  and 
rather  better  than  the  value  of  2000  cm. /sec.  quoted  in  the 
paper  by  Buck  and  Brattain  '^4^j  the  generally  accepted  value 
for  ground  surface  has  been  about  10,000  cmj/sec.  However, 
lat^r  and  more  accurate  measurements  vl5M2T/(32/  suggest 
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that  values  in  the  region  of  50,000  cm, /sec.  axe  more  correct, 

6,2,4,  The  original  etching  of  the  surfaces  of  the  samples 
by  CPI  was  not  carried  out  sufficiently  well  to  give  an 
ideal  polished  surface  with  a  minimum  value  of  S.  This  was 
done  deliberately  to  help  reveal  any  effects  of  the 
benzaldehyde  treatment.  In  some  of  the  experiments,  the 
svirfaces  were  deliberately  contaminated  with  copper,  but, 
surprisingly  little  effect  was  obsirved.  There  v.as  generally 
a  small,  but  definite,  rise  in  PEM,  voltage  after  benzaldehyde 
treatment,  althou^  the  aveiage  value  given  is  probably  not  very 
accurate,  because  of  the  small  size  of  the  voltage  and  its 
variation  from  one  experiment  to  another.  The  maximum  effect 
of  etching,  either  with  or  without  benzaldehyde  treatment, 
was  never  attained  until  5  minutes  or  more  after  the  final 
v/ashing  and  drying,  and  after  a  number  of  measurements  had 
been  taken.  Samples  were  always  washed  with  distilled  water 
and  acetone  after  treatment,  and  the  slov/  improvement 
in  the  PEM,  voltage  was  attributed  to  a  drying-out  of  the 
oxide  film  on  the  surface.  There  was  some  evidence  that  samples 
left  for  15  hoiirs  or  more  developed  hi^er  values  of  S, 
probably  due  to  contamination  of  the  surface.  Assiuning  that 
the  original  etched  suri'ace  probably  had  a  surface  recombina¬ 
tion  velocity  of  several  hundred,  the  experiments  suggest  that 
a  reduction  to  50  or  100  cm./sec,  may  have  been  achieved,  v 
The  minimum  reported  values  for  S  are  about  100  cm./sec, 
for  surfaces  which  have  been  v/ell  etched  until  all  abrasion 
damage  has  been  removed. 


6.2,5»  Vhile  it  is  not  possible  to  place  a  very  definite 
figure  on  the  decrease  of  the  siirface  recombination 
velocity  after  treatment,  such  a  decrease  is  supported  by 
our  conclusions  on  s\irface  barrier  rectification,  given  in 
Pinal  Report  1962,  Sect. 6, 2.  The  rectification  tests  showed 
a  pronounced  increase  in  the  reverse  impedance  of  surface 
barrier  rectifying  contacts  after  benzaldehyde  treatment,  . 

From  present  theories  of  rectification,  due  to  Bardeen 
it  was  concluded  that  as  the  height  of  the  potential  barrier  was 
largely  determined  by  the  space  charge  set  up  by  the  con¬ 
centration  of  surface  states,  so  the  benzaldehyde  treatments 
must  be  able  to  createa  permMent  increase  in, the  hei^t.of. 
the  barrier.  Other  workers  '^5) (5^  voTTCoB]) (69/ v70/t il/(72) 
have  shown  that  the  surface  recombination  velocity  on  both 
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and  ^-lypa  eerBaaiun  la  at  a  minioum  when  the  aurfaoa 
harrier  la  at  a  mazlfflum*  Both  reotlfloatlon  and  aur£aoa~ 
recombination  teeta  therefore  Indicate  aome  beneflolal 
effect  tvom  benaaldel^de  treatment. 

6.2.6.  The  change  In  the  hel^t  of  the  aurfaoe  barrier  la 
probably  produced  by  cun  inoreaae  in  the  thlokneae^  or 
modification  of  the  atruoture  of  the  oxide  filffit  in  auoh 

a  way  that  more  acceptor  aurfaoe  eta  tea  are  created.  Our 
maaaurementa  of  oontaot  potential  have  ahown  (Seot.4*5) 
that  the  formation  of  a  thick  oxide  film,  by  anodising  for 
example,  will  help  to  produce  a  hijd^er  potential  from 
adaorbed  water  moleouleat  thia  potential  dependa  on  the  number 
of  moleoTolea  adaorbed,  and  therefore,  on  the  oonoentraticn 
of  surface  states  in  or  on  the  oxide. 

6. 2. 7.  The  tests  for  any  cleaning  action  of  bensaldehyda 
on  the  germanium  were  inconclusive,  as  it  was  difficult  to 
measure  any  significant  changes  in  the  FE3I.  voltage  after 
adding  contamination,  in  the  form  of  copper  salts.  Howerer,. 
if  we  consider  indirect  evidence  from  Final  Report  19^2, 

Sect.  5*2.12,  we  find  that  irradiated  bensaldehyde  produces 
a  very  rapid  attack  on  mercury  to  give  a  compound  which 
appears  to  be  dimercuxy  dibenzoote  CgHc.CO.O.Hg.Hg.O.CO.CgHe. 
This  attack  is  probably  the  direct  action  of  perbensoate  ^ 
radicals  on  the  metal.  It  would  therefore  be  expected  that 
metallic  oontamination  on  a  germaniiim  surface  mi^t  also 

be  attacked,  provided  it  was  not  too  strongly  combined  with 
the  oxide  film,  and  effect  some  cleaning  action.  It  ia 
well  known  that  semioonduotor  surfcMes  are  very  easily  oon> 
taminated  by  metallic  imj^ities  from  etching  solutions  and 
washing  liquids.  v75)(74).  For  example  a  fraction  of  a 
monolayer  of  gold  on  a  silicon  j^faoe  may  seriously  reduce 
the  minority  carrier  lifetime  ('5^  Various  methods  of  reaoiw- 
ing  metallic  surface  contamination  have  been  studied  ia  the 
past,  including  treatment  with  potassium  cyanide  aoluticm  or 
ethylenediaffllne>tetraF-aoetio  acid  and  its  salts.  The 
bonzaldehyde  method  mi^t  well  be  an  improvement  on  these 
teohnl%<M»  easier  to  \isei  it  would  have  the  additimoal 
advantage  of  produoing  desirable  eleotrioal  characteristics  at 
ths  surface,  at  tho  aame  tijp**  main  precaution  neosaaazy 
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would  be  to  use  a  highly  purified  solvent  for  the  final 
washing  of  the  surface.  A  final  treatment  of  transistor  or 
diode  structures  before  encapsulation »  using  irradiated 
bensaldehyde •  would  require  no  elaborate  precautions  against 
the  corrosion  of  metal  parts. 

6. 3.  Photoelectric  effects 


6.3.1.  The  increase  in  photoelectric  current  generated 
by  a  surface- barrier  diode  on  the  addition  of  benzaldebyde 
to  the  surface  is  clearly  a  very  well-defined  phenomenon. 

A  mazimuffi  increase  of  between  ^0  and  300^  was  observed  in 
the  series  of  experiments  carried  out.  The  increase  in 
current  was  not  permanent,  and  usually  disappeared  after 

about  7  to  10  minutes  after  the  application  of  the  benzaldebyde) 
subsequently,  the  current  fell  to  a  lower  value  than  normal. 
There  were  some  exceptions  to  this  rule,  when  polycyclic 
hydrocarbons  were  added,  but  these  are  discussed  later. 

6.3.2.  The  initial  enhancement  of  the  photocurrent  for 

a  short  period  suggests  that  the  initial  photochemicd.  reaction 
of  the  benzaldebyde  was  responsible.  The  data  presented  in 
Pinal  Report  1962  Sects.  3*0  and  5.0  and  Sect.  3.8  of  the 
present  report  show  that  the  concentration  of  perbenzoic  acid 
was  at  a  maximum  within  a  few  minutes  of  the  start  of 
irradiation  and  declined  rapidly  within  10  minutes.  The  rapid 
change  in  the  D.V.  transmission  of  a  0.0125  cm.  benzaldebyde 
film  during  the  first  7  minutes  of  irradiation  has  been 
described  in  Sects.  3.7.3  and  5.2.13  of  Final  Report  1962. 

It  was  shown  that  the  film  transmission  rose  from  an  initid. 
value  of  30?^  to  80^  in  ^  minutes,  after  which  it  remained 
reasonably  constant  (allowing  for  some  lijdit  scattering  by 
solid  products  in  the  later  stages  of  the  reaction).  The 
period  of  strong  absorption  of  radiation  and  maximum  concen¬ 
tration  of  peraoid  correspond  closely  to  the  period  during  which 
the  jdiotoourrent  Increases  to  a  maximum. 

6,3.3*  In  some  of  the  experiments  we  observed  a  delay  of 
between  20  and  60  seconds  before  any  appreciable  photocurrent 
would  be  obtained.  For  the  untreated  surfaces  this  could 
be  attributed  to  a  drying  out  of  the  oxide  film  following 
etching  and  washings  with  benzaldebyde  added,  it  may  have 
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b«en  the  nanifesatlon  of  an  incubation  period  in  the 
I^otoohemlocd  reaction,  as  studied  by  Muloahy  and  Watt  , 

The  enhanced  photoeleotrio  efficiency  could  be  interpreted 
in  terms  of  the  theories  of  charge- transfer  adsorption,  as 
put  fonrard  by  a  number  of  workers  (39) (40) (41)  and 
particularly  by  Krusemeyer  and  Thomas  (42).  The  subject  of 
ohcurge- transfer  catalysis  has  been  discussed  in  Sect.  6.2.16 
of  Final  Report  1962.  The  idea  of  charge  transfer  catalysis 
was  first  advanced  by  Wagner ^and  Hauffe  (43)  and  later 
elaborated,  by  Gamer  et  al.  (44)^  Volkenshtein  (45)  ^ 

Hauffe  (4o)  and  by  Hauffe  and  Schlosser  (47).  An  excellent 
analysis  of.  the  subject  has  been  given  more  recently  by 
Garrett  (43).  Briefly,  if  there  is  a  reaction  between  two 
adsorbed  species  at  the  semiconductor  surface,  one  species, 

A,  capable  of  ionizing  to  become  an  acceptor  and  one  species, 

1)  capable  of  ionizing  to  become  a  donor,  then  the  reaction 
A  +  D  >  AD  may  proceed  with  a  net  exchange  of  electrons 

from  the  semiconductor  to  A  emd  to  the  semiconductor  from  D. 

More  complex  reactions  are  also  possible,  e.g,  A  +  B  — — >  C  +  D, 
where  A  and  D  are  again  acceptor  and  donor  species,  but  on 
opposite  sides  of  the  equation. 

6.]^.4.  In  the  early  stages  of  the  benzaldehyde  photo- 
oxidation,  the  most  likely  reaction,  after  the  initial  formation 
of  perbenzoyl  radicles  (see  Sect. 1.2)  is  the  followingi- 

Ph-C=0  +  Ph-C=0  Ph-C=0  +  Ph-C=0 

C>-0-  fi  ="  6-OH 

Perbenzoyl  Benzaldehyde  Perbenzoic  acid  Benzoyl 


In  this  system  it  is  likely  that  the  perbenzoyl  radical  will 
act  as  eui  acceptor  and  the  perbenzoic  acid  or  the 
benzaldehyde  as  a  donor.  The  reaction  will  proceed  with  the 
injection  of  hole-electron  pairs  into  the  inversion  layer  at 
the  surface  of  the  n-type  germanium.  The  holes  and  electrons  cure 
separated  by  the  space-charge  cmd  produce  a  flow  of  durrent 
in  an  external  circuit,  the  whisker  contact  to  the  surface 
becoming  positive  and  the  germanium  negative. 
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6.3.5.  The  hipest  output  of  photocurrent,  in  the  absence 
of  benzaldehyde ,  was  given  by  o.  surface  etched  in  NaCXIl/NaCn 
mixture,  to  give  a  visible  oxide  film  at  the  s\irface. 

Referring  again  to  the  results  of  our  experiments  on  contact 
potential,  Sect.  4.5«  it  is  probable  that  such  oxidised 
surfaces  have  a  hifiji  concentration  of  surface  states  at  the 
oxide  surface.  The  hi^er  photocurrent  output  suggests  that 
some  of  the  current  carriers,  at  least,  may  be  generated  from 
the  surface  states,  whose  energy  levels  lie  in  the  forbidden 
gap  between  the  valence  and  conduction  bands:  the  generation 
of  carriers  from  these  states  by  photons  would  require  less 
energy  than  the  normal  transitions  between  valence  and 
conduction  bands.  The  presence  of  trapping  centres  (which  again* 
could  be  the  same. surface  states),  which  produce  enhanced  photo¬ 
conductivity  (49) (50) (51) (52) ^  would  be  of  no  advantage  in  a 
photovoltaic  cell. 

6.3.6.  The  generation  of  current  in  a  photovoltaic  cell 
is  illustrated  in  Pig, 15.  Pig,  15a  shows  the  equilibritm 
positions  of  the  energy  bands  across  a  typical  p-n  junction, 
with  the  Permi  level  continuous  across  the  barrier.  When 
the  open-circuit  junction  is  illuminated,  hole-electron 
pairs  are  generated,  and  diffuse  about  in  the  crystal;  the 
effect  of  the  space  charge  is  to  cause  holes  to  travel  tcwards 
the  p-type  layer  and  electrons  towards  the  n-type  layer,  so 
constituting  an  internal  current.  The  junction  is  thus 
biased  in  the  forward  direction,  and  generates  on  internal 
opposing  current  until  equilibrium  is  attained;  this  situa¬ 
tion  is  shown  in  Pig,  15b,  The  maximum  voltage  generated, 

V,  is  equal  to  the  difference  of  the  Permi  levels  on  the 
two  sides  of  the  junction  during  illumination.  If  a  finite 
load  ^  is  connected  across  the  junction,  seme  of  the  current 
will  flow  through  it,  and  the  junction  will  have  a  forward 
bias  which  is  obviously  less  than  V,  the  maximum  attainable. 

The  equivalent  Circuit  of  on  irradiated  junction  is  shown 
in  Pig,  16  (53) (54) (55) ,  in  which  the  radiation  source  is 
represented  by  the  constant  current  generator  i  and  the 
junction  is  represented  by  the  non-linear  impedance  R.,  an 
internal  series  resistance  R  and  an  internal  shunt  residence 
R  The  relation  between  tne  load  current  ij^  and  the 
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output  voltage  V.  across  the  load  has  been  shown  to  be 
given  by  the  equations i- 


,Av 

(€  -1)  - 


where  i  is  the  short-circuit  current 
s 

1^  is  the  minority  carrier  current  (mainly 
from  thermal  generation) 

and^=  e/kT. 


The  relation  between  i  and  the  number  of  incident  photoms 
which  have  energies  sufficient  to  generate  hole-electron 
pairs,  N  (E^  ,  is  given  by 

ig  -  (1-K)  (1-T)  eQN(E^. 

where  K  is  the  reflection  coefficient, 

T  is  the  fraction  transmitted, 

Q  is  the  fraction  of  the  minority  carriers 
generated  which  successfully  diffuse 
across  the  barrier  and  give  rise  to  the 
effect. 


Q  is  a  function  of  minorily  carrier  diffusion 
length  L,  the  semiconductor  thickness  d,  the 
adsorption  coefficient  for  the  radiation  a 
and  the  surface  recombination  velocity  S. 

(56)  (57) 

6. 3* 7*  In  our  experiments,  the  main  controlling  factors 
will  be  N(E  )  and  S.  We  have  shown  in  Sect.  6.2,  that  S 
tends  to  be  romiller  after  benzaldehyde  treatment,  but  is  doubtful 
whether  a  significant  decrease  would  occur  in  the  first  5 
minutes  of  irradiation.  Referring  back  to  Sect.  6, 3.4., 
we  have  suggested  that  the  photochemical  reaction  will 
inject  hole-electron  pairs  into  the  surface  layer  of  the 
semiconductor. 
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As  a  chain  reaction  is  involved  with  a  quantum  yield  of 
about  6  (See  Final  Report  1962,  Sect,  3.7)»  we  would  expect 
each  reacting  quantum  to  give  8  hole-electron  pairs.  This 
introduces  another  term  for  the  quantum  efficiency  of  the 
generating  process  in  the  above  equation  for  i^,  which  then 
becomes i 


ig  =  (1-I0(1-T)  eOmN  (E^. 

When  comparing  the  photo-diodes,  with  and  without  benzaldehyde , 
the  only  factor  which  will  be  appreciably  different  is  tj. 
Referring  to  the  experimental  results  given  in  Sect,4»7»3*  we 
find  that  the  maximum  increase  in  photocurrent  which  was 
observed  vras  300^,  i.e, 

ij^  (benzaldehyde)  =  4  ij^  (untreated). 

Allowing  for  the  minority  carrier  current  and  internal  shunt 
current  terms,  the  ratio  of  i  (benzaldehyde)  to  i  (untreated) 
will  then  be  rather  less  than4sl|  i»e,  ri  is  rather  lees  than 
4,  We  have  shown  in  Pinal  Report  1962,  Sect,  3»7»3*  that  the 
transmission  of  a  benzaldehyde  film,  as  used  in  these  experi¬ 
ments,  averages  about  60^  during  the  first  5  minutes  of 
irradiations  correcting  for  this,  we  find  that  t]  is  now  somewhat 
less  than  6,  This  agrees  fairly  well  with  the  chemical  figures 
of  7  to  9  for  the  quanttam  efficiency  for  a  thin  film,  as  given 
in  Final  Report  1962,  Sect,  3.7»  There  is  therefore  strong 
evidence  that  the  enhanced  photocurrent  generation  is  controlled 
by  the  quantum  efficiency  of  the  benzaldehyde  autoxidation, 

6,3,8,  It  is  interesting  to  make  an  estimate  of  the 
conversion  efficiency  of  the  surface  barrier  diodes  which  were 
used  for  these  experiments.  Experiment  19  shows  that  the 
untreated  lanit  gave  a  maximum  po\.'er  output  of  0,725  into 
a  100  ohm  load.  The  power  input  to  the  lamp  was  250  watts,  and 
assuming  a  typical  efficiency  of  15^,  the  radiated  li^t 
energy  was  37*5  watts.  The  equation  for  i^  contains  a  term 
Q,  which  is  a  function,  amongst  other  parameters,  of  minority 
carrier  diffusion  length  L  and  semiconductor  thickness  d.  In 
the  case  of  a  svirface  barrier  diode,  it  is  probably  incorreot 
to  visualize  a  hemisphere,  of  radius  L,  s\jrrounding  the  point 
contact  and  containing  the  flux  of  holes  auid  electrons, 
created  by  the 
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illumination*  Because  of  the  surface  structure*  it  is  more 
realistic  to  imagine  that  the  carriers  tend  to  follow  a  very 
thin  surface  channel.  If  this  is  so*  we  can  say  that  all 
the  flux  of  holes  and  electrons  is  passing  throu^  the  wall 
of  a  cylinder,  radius  L  and  depth*  say  10“4  cm,  *  the 
dimension  of  the  space-charge  region.  The  effective  collecting 
area  of  a  point  contact  (with  no  applied  field)  is 
approximately  the  spreading-resistance,  zone*  with  a  radius 
equal  to  the  diameter  of  the  point.  (58).  Taking  a  -typical 
value  for  the  diameter  of  the  point  con-tact  of  a  Pt  whisker, 
e,g«  5  X  10“4  cm,  the  collecting  area  is  the  wall  of  a 
cylinder*  radius  5  *  10“^  c®  and  10“4  cm,  deep. 

The  fraction  of  the  flvix  of  holes  and  elec-trons  oollec-ted 
hy  -the  point  con -tact  was  therefore 


2  n  6.65  X  10"^.  10"^ 

_2 

where  6,64  x  10  is  the  diffusion  length  L, 

L  was  calculated  from  the  relation  L  =  (DT  )^ 

2  -1 

where  D  is  the  diffusion  constant  =  44  cm  sec 

for  holes 

'tJ  is  the  minority  carrier  lifetime  =  100 
microsecs,  for  the  sample  of  Ge  used. 


The  aperture  of  the  lamp  was  12  cm. *  and  the  roughly 
parabolic  reflector  ^ve  a  reasonably  paredlel  ^eam  so  that 
thg  effective  radiating  area  was  n  x  6V  sin 45°  for  a 
45  mounting.  The  light  flux  falling  on  a  circle  of  radius 
L  was  therefore  _2  o 

37.5  X  n  (6.64xlO~  )  watts,  and  the 

K  .6^0.707 

flux  interoep-ted  by  the  pent  contact  was 


37.5  X  n 


n  .6  VO.  707 


X  2n  .5xl0"^.10~'^ 

2  n  . 6 . 64x10“^. 10”^ 


-5 

X  10  watts. 


watta. 
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_7 

As  the  maximum  power  output  was  7*25  x  10  watts  the 
efficiency  was  approximately  3.5^»  With  the  increased 
power  output,  recorded  in  Expt.  20,  of  1.25  M-W,  on  addition 
of  benzaldehyde ,  the  efficiency  increased  to  approximately 
These  estimates  may  be  low  because  of  the  number  of 
assumptions  made  in  the  calculations,  especially  if  the  flux 
of  injected  holes  and  electrons  spreads  further  into  the 
bulk  of  the  material  than  we  have  assumed. 

6,3. 9»  A  comparative  calculation  can  be  made  for  the 
allqy  diode  structure,  whose  output  is  recorded  in  Expt. 21, 
Experiments  21  and  22  suggest  that  the  addition  of 
benzaldehyde  to  the  alloy  diode  increased  the  output  by  30 
to  4096*  which  is  considerably  less  than  the  range  70  to 
3OO9S  recorded  with  the  surface-barrier  diodes.  This  is 
explained  by  the  fact  that  the  benzaldehyde  would  have  given 
enhanced  injection  only  around  the  edge  of  the  junction. 

Less  assumptions  have  to  be  niade  about  the  active  area  of  the 
alloy  junction,  which  is  approximately  equal  to  its  geometrical 
area. 

The  jimction  in  this  case  was  O.05  cm.  in  diameter  giving  an 
area  of  1,97  x  10**5  cm2,  and  the  light  flux  intercepted  by 
the  junction  was 

37.5  X  a.  (2.5x10-^)^ 

n  670.707 
=  4.6  X  10~^  watts 

The  maximum  output  obtained  was  57*5  M-W,  so  the  efficiency 
was  approximately  12. 59^. 

The  maximiim  output  cvirrent  into  a  10  ohm  load,  as  recorded 
in  Expt,  23,  was  nearly  3niA. ;  thjs  represents  an  output 
capability  of  about  I.5  amps. cm"  ,  for  this  type  of  junction. 
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6, 3*10  The  stabilization  of  output,  sometimes  achieved  by 
the  addition  of  polycyclic  hydrocarbons,  particxilarly  anthracene, 
is  not  readily  explained.  It  is  possible  that,  as  iiie  maxim\im 
photocurrent  output  is  associated  with  the  presence  of  per- 
benzoic  acid,  the  hydrocarbon  may  interfere  with  the  acid- 
catalyzed  decomposition  of  perbenzoic  acid  with  benzaldehyde, 

Ph-C=0  +  Ph-C=0  _ Ph-C=0  ^  PPh.COOH 

i.0H  H 

OH 

This  is  the  normal  terminating  reaction  of  the  chain. 


As  the  normal  oxidation  reaction  proceeds,  the  photoelectric 
output,  having  passed  its  peak,  falls  to  a  lower  value  than 
was  obtainable  before  the  benzaldehyde  was  applied.  This 
suggests  that  the  products  of  the  reaction,  e.g,  benzoic 
acid  and/or  dibenzoyl  peroxide  msv  reduce  the  number  of  avail¬ 
able  surface  states,  or  produce  states  with  unfavourable 
energy  levels  for  photo-activation. 


6,4.1.  Appraisal  of  the  experiments  reported  in  1^ 


It  is  evident  from  the  considerable  amount  of  detailed  work 
carried  out  in  the  present  programme,  that  an  over-dimplified 
picture  was  presented  of  the  early  experiments.  The  experiments 
are  clearly  not  equivalent  to  the  classical  contact  potential 
measurements  by  the  Kelvin  method,  A  vibrating  electrode  must 
be  used  for  the  Kelvin  measurement,  c'-herwise  the  sensitivity 
of  the  method  is  extremely  low.  As  we  will  show  later,  if 
two  different  phases,  e.g,  germanium  and  platinum,  are  put 
in  contact  through  an  external  circuit,  so  that  the  Fermi 
levels  are  in  equilibrium,  the  regions  just  outside  the 
surfaces  of  these  phases  assiune  a  potential  difference  equal  to 
the  difference  in  Volta  potential,  or  contact  potential, 

Kelvin's  original  method  w9}  was  based  on  the  principle  that 
on  bresdcing  contact  between  the  plates  and  altering  the 
spacing,  a  current,  detectable  by  an  electrometer,  flows  to  or 
the  plates.  By  connecting  the  plates  through  a 
potentiometer,  it  was  possible  to  find  an  applied  potential  at 
which  no  current  flowed  when  the  plate  spacing  was  edteredf 
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the  applied  potential  was  then  equal  to  the  difference  in 
Volta  potentials  or  work  functions  of  the  metals.  A 
sensitive  modification  of  the  method  was  first  described  by 
Zisman  (^0)  in  which  one  of  the  metal  plates  was  made  to 
vibrate  rapidly  in  a  direction  perpendicular  to  its  surface. 

The  os'^illating  c\arrent  produced  was  anplified  and  applied 
to  an  output  indicator:  when  an  opposing  potential  was 
applied  to  the  plates  from  a  potentiometer,  a  null  point 
was  found  when  the  voltage  was  equal  to  the  contact 
potential.  This  basic  technique  is  the  basis  of  all 
present  versions  of  the  Kelvin  method. 

Ueastirements  have  been  made  using  a  stationary 
reference  electrode,  but  tie  initial  difficulty  is  the 
exceedingly  high  resistance  of  the  air  or  gas  in  the  gap. 

This  difficulty  can  be  ovircpme  by  ionizing  the  gas,  a 
method  first  used  by  Ri^.i  vol).  The  stationary  electrode 
technique  has  been  used  .'or  measuring  the  surface  potential 
of  films  on  liquids  by  e  number  of  workers  (62) (63} (64) (65) (66) , 
in  all  cases  making  use  of  the  ionized  air  gap.  Even  when 
water  vapour  is  present  in  the  gas,  the  resistance  of  the 
gap  is  apparently  still  extremely  high,  on  the  evidence  of 
the  erratic  results  recorded  in  Sect.  4.4»4.  No  provision 
was  made  for  ionizing  the  oxygen  in  the  original  work 
described  in  Final  Report  1962,  but  hi^  potentials  were 
recorded  in  many  of  the  experiments.  If  the  water  is 
adsorbed  as  a  charged  dipole,  the  field  external  to  the 
dipole  layer  is  extremely  small  and  we  wo\ild  not  expect 
an  appreciable  charge  to  be  induc'd  on  the  platinum. 

However,  if  a  potential  of,  say,  100  volts  appeared,  due  to 
a  charge  between  the  platiniun  and  germanium,  the  value 
recorded  by  the  measiiring  equipment  which  we  originally  used 
would  be  considerably  less,  for  the  following  reason;  the 
value  of  the  vibrating  capacitor  used  in  the  input  circuit  was 
about  30  pf, ,  while  the  ccpacitance  of  the  platinum- germanium 
system  was  only  about  2  pf. ,  and  the  charge  would  have  to 
be  divided  between  the  two  capacitors  in  the  ratio  of  the 
capacitances.  Thus,  the  charge  on  the  2  pf.  capacitor 
would  occupy  a  final  capacitor  of  32  pf. ,  and  by  the  usual 
electrostatic  relation  ^=CV,  the  voltage  V  would  decrease 
to  1/16  of  its  original  value,  or  about  6  volts.  If 
however,  the  platinum  was  connected  througji  to  a  source  of 
charge  by  an  ionized  gcp ,  or  other  conducting  path,  it  would  be 
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possible  to  supply  enou^  charge  to  produce  a  high  potential 
on  the  whole  system. 

These  arguments  suggest  that  when  }ii^  potentials 
were  recorded  for  long  periods,  the  platinum  electrode 
must  have  had  a  conducting  path  to  the  charging  source.  In 
the  absence  of  ionization,  it  is  most  likely  that  there  existed 
microscopic  fibres  across  the  g^  between  the  platinum  and 
germanium.  In  the  latter  part  of  our  investigation  we  have 
worked  on  this  assumption,  which  was  first  suggested  to  us 
in  discussion  with  Prof.  P.C,  Prsuik,  This  sorangement 
provides  a  logical  explanation  of  how  steady  potentials  could 
be  recorded  in  the  Pt/Ge  system,  but  does  not  directly 
explain  the  high  values  of  up  to  100  volts  which  were . recorded. 
There  is  no  doubt  that  these  potentials  appeared  when  moisture 
was  introduced  into  the  oxygen  and  disappeeured  when  it  was 
removed,  and  no  appreciable  potential  could  be  obtained  with 
a  block  of  brass:  the  measurements  did  not  therefore  relate 
to  the  properties  of  the  fibres  in  the  gap.  A  discussion 
of  the  validity  of  the  actual  voltages  recorded  is  given 
in  the  following  section. 

6.4.2.  Evaluation  of  the  accuracy  of  voltage  measurements 
the  null  method. 

The  null  method  of  voltage  measurement  originally  used 
has  been  described  in  Pinal  Report  1962,  Sect.  4»9»1«  and 
is  shown  in  Pig.  9.  Two  variations  of  the  classical  backings 
off  circuit  sure  shown  in  Pigs.  10a  and  10b.  The  parallel 
circuit  of  Pig.  9  was  the  only  one  which  would  give  satis¬ 
factory  results  in  the  original  measurements,  while  the  more 
conventional  series  circuits  shown  in  Pig.  10  did  not  appear 
to  work,  i. e.  little  response  could  be  obtained  when  the 
potentiometer  was  adjusted.  It  is  interesting  to  evaluate 
the  behaviour  of  these  circuits  when  there  is  a  conducting 
path  of,  say,  10^^  ohms  between  the  platinum  and  germanium. 

In  Pig.  9  we  see  that  the  backing-off  circuit  will  place 
an  opposing  field  across  the  input  to  the  vibrating 
capacitor,  but  the  voltage  applied  to  the  system  will  be 
divided  down  by  10^^  ohms  in  series  with  the  10^®  ohms 
gap  resistemce.  On  the  other  hand  practically  all  the  voltage 
fj?om  the  source,  the  germanium  surface,  will  appear  across 
the  input.  Thus,  if  there  is  a  svirface  potential  of  100  volts 
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at  the  germanium,  about  90  volts  will  appear  across  the 
input  to  the  amplifier,  but  the  application  of  100  volts 
from  the  potentiometer  will  apply  only  about  10  volte 
opposing  bias  to  the  input.  Applying  a  similar  argument 
to  the  operation  of  the  classical  backing-off  circuit 
Fig,  10a  we  find  that  about  9/l0  of  the  voltage  from  the 
potentiometer  will  be  applied,  and  for  Fig,  10b,  the  whole 
of  the  voltage  will  be  available:  the  whole  of  the  voltaige 
from  tl:e  source  appears  across  the  amplifier  in  each  case. 
Therefore  the  classical  backing-off  circuit  shown  in  Fig,  10 
is  desirable  if  there  is  a  conducting  path  across  the 
measuring  terminals,  althou^  in  practice,  it  was  found 
to  be  extrememly  sluggish  in  operation.  This  discussion 
shows  why  it  was  imperative  to  use  a  direct- reading  instru¬ 
ment  for  the  later  experiments,  and  why  the  potentiometer 
voltages  recorded  in  Final  Report  1962  did  not  represent  the 
correct  potentials  at  the  germanium  surface.  It  appears 
likely  that  the  higdi  potentials  were  in  the  region  of 
10  volts,  rather  than  100  volts,  and  this  conolusion  is 
supported  by  one  reading,  in  excess  of  10  volts,  recorded 
on  the  Wayne-Kerr  electrometer. 

The  calculations,  previously  carried  out,  of  the 
density  of  adsorbed  water  molecules,  based  on  maximum 
potentials  of  100  volts  are  therefore  incorrect  (of. 

Sect.  6,2,15»  Final  Report  19^2).  A  printing  error  also 
appears  in  this  section,  where  the  total  charge  q,  is  given 
by  the  equation  q=  C.V  X  A,  and  not  as  printed.  The  basis 
of  calculation,  involving  a  simple  charge  on  a  capacitor 
formed  by  the  platinvun  and  german ivun,  is  not  valid  in  the 
li^t  of  our  recent  work  and  the  discussion  in  this  section. 
A  more  valid  calculation  will  be  given  later, 

6.4«3«  The  measurements  described  in  Sects,  4>3  and  4*4 
are  representative  of  the  results  obtainable  with  a  gap 
of  very  low  conductivity,  special  precautions  having  been 
token  to  prevent  surface  contamination.  These  results 
are  erratic  and  inconclusive,  except  in  a  few  cases  where 
accidential  contamination  enabled  potentials  in  the  region 
of  500  mV  to  be  recorded.  The  material  bridging  the 
gap  in  these  cases  could  not  be  seen  with  a  lens  and 
strong  illumination. 
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6.4«5«  potential  readings,  using  a  glass  fibre  probe 

to  contact  the  germanium  surface,  appear  to  be  reliable 
and  reproducible,  and  representative  of  the  true  surface 
potential  of  the  germanivun.  The  variations  of  the  potential 
with  time  in  wet  and  dry  ambients  ,under  short-circuit  condi¬ 
tions  and  with  applied  fields,  provide  valuable  information 
on  the  density  and  relaxation  times  of  the  surface  states, 
as  will  be  shown. 

Before  we  can  interpret  the  significance  of  the 
potentials  obtained,  it  will  be  useful  to  discuss  the 
relationships  between  the  band  structure  and  potentials  in 
a  semiconductor  system. 

6,4*6,  Potential  and  band  structure  relationships 

6«4*6.1«  Any  phase  can  be  regarded  as  having  a  characteristic 
inner  electric  potential  0  ,  which  is  characterized  by 
the  distribution  of  space  charges  and  polarization  within 
the  material.  The  outer  electric  potential  of  the  same 
phase  is  the  potential  just  outside  the  imiform  bounding 
surface  at  a  distance  just  beyond  the  range  of  image  forces 
(i.e,  just  over  ia  designated  by 

At  the  bounding  surface  of  a  phase  we  may  expect  layers  of 
charges  or  dipoles  to  occur,  and  as  a  result,  a  change  in  the 
average  electrostatic  potential  will  occur  from  a  point  in 
the  bulk  of  the  phase  to  a  point  at  the  outer  electric 
potential.  The  potentied  change  is  the  surface  electric 
tension  Ot  ,  We  then  have  the  relationship,  ^  =  ft  +  X. 

The  contact  potential  difference,  or  Volta  tension  V 
between  two  phases  1  and  2  is  defined  by  the  outer 
potentials: 

V  =  -  J<2 

6.4*6, 2,  The  accepted  energy  level  diagram  for  an  n-lype 
semiconductor  with  acceptor  surface  states  is  shown  in  Fig*17. 

is  the  Fermi  level,  or  electrochemical  potential,  E 
emd  E  and  the  energy  levels  corresponding  to  the  edgeS  ^ 
of  the  conduction  and  valence  bands,  respectively,  and  E^^ 
is  the  mid-gap  or  intrinsic  Fermi  level.  An  oxide  layer^is 
shown  to  be  present,  with  conduction  and  valence  bands  at 
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arbitrary  positions  outside  the  energy  gap  of  the  bulk  of 
the  ciysted. 

The  electrochemical  potential  E„  is  equivalent  to 
the  work  required  to  treuisfer  an  electron  from  infinity 
to  a  point  in  the  bulk  of  the  semiconductor,  and  is  the 
sum  of  two  terms i 

(a)  Work  due  to  the  interaction  between  the  electron 
and  the  bulk  of  the  semiconductor,  which  is  the  chemical 
potential  E,  and  depends  only  on  the  chemical 
constitution  of  the  semiconductor. 

(b)  V/ork  due  to  the  presence  of  surface  dipoles, 
or  free  charges  at  ihe  semiconductor  surface.  This 
is  equivalent  to  effi  for  an  electron. 

Therefore,  E^  =  E  +  e0 

^  can  be  represented  as  ^  +  X  >  where 
represents  the  potential  due  to  free  charges  on  the 
surface  of  the  semiconductor  and  X  the  potential 
due  to  surface  dipoles,  giving  the  relation 

Ej  =  E+  e()#  +  X) 

6.4.6.?,  One  important  factor  in  calculations  involves  the 
potential  difference  between  a  point  in  the  interior 
of  the  semiconductor  and  a  point  at  the  semiconductor  - 
oxide  interface.  This  is  the  surface-barrier  hei^t  Y 
defined,  in  \mits  of  kT  as: 

’"iff- 

where  is  the  inner  potential  in  the  bulk  of  semi- 
®  conductor 

0  is  tile  inner  potential  at  the  interface. 

8 

6. 4.6. 4.  ^or  an  electrical  double  layer  at  a  semiconductor 
surface,  we  can  consider  two  parallel  sheets  of  charge 
density  Q  per  unit  area,  spaced  at  a  distance  d  from  each 
other.  The  electric  field  strength  normal  to  the  charge  sheet 
is  given  by  Gauss*  law,  x  =  2  n  Q.  In  the  regions  outside  the 
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parallel  sheets  there  is  no  field,  but  in  between,  the 
fields  due  to  the  two  charged  layers  added  together  to 
give  a  uniform  field  4jiQ.  The  potential  step  across  the  layer 
is  then  0  =  4nQd.  Variations  of  the  simple  double  layer 
may  occtir  at  semiconductor  surfaces.  For  example,  if  the 
charge  sheet  nearest  the  semiconductor  surface  is  replaced 
by  a  \iniform  volume  distribution  of  charge  in  a  layer  of 
finite  thickness,  and  charge  density  Q  per  unit  area,  the 
potential  drop  across  d  is  still  the  same,  4nQd,  but  there 
is  also  a  potential  drop  within  the  distributed  charge 
sheet,  in  accordance  with  Poisson's  equation  i 


Where  6  is  the  dielectric  constant 
^  is  the  volume  charge  density 

This  system  is  operative  for  a  semiconductor  with  chargee 
in  surface  states,  residing  on  the  outside  of  on  oxide 
layer  of  thickness  d.  The  potential  drop  in  the  distributed 
cheurge  sheet  is  the  inner  potential  difference 

6.4. 6, 5«  The  electronic  work  function  of  a  neutral  phase 
is  defined  as  the  work  necessary  to  remove  ein  electron 
from  the  interior  of  the  phase  and  place  it  at  rest  outside 
the  semiconductor  at  point  where  the  electric  potential  is 
eqiial  to  .  For  a  semiconductor  without  surface  states 
the  work  function  is  then 

•JW  =  E  +  eX 
0 

The  presence  of  surface  states  will  affect  the  work  function 
throu£^  the  term  X,  by  the  potential  shift  in  the  space 
charge  region,  giving 


»  =  «0  -  ' 
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If  there  are  adsorbed  impurities  with  oriented  dipoles, 
this  will  also  alter  the  work  function  by  an  increment 
d%.  If  there  is  an  oxide  layer  with  charges  in  the  slow 
states  on  the  outside  of  the  layer,  then  there  is  an 
additional  potential  drop  jlf^  in  the  oxide.  The  general 
expression  is  therefore. 


W  =  -  e  [  +  d%  +  0^] 

6,4, 6. 6,  Pig,  18  shows  potential  diagrams  for  the  semi¬ 
conductor  metal  system.  When  the  metal  and  semiconductor 
are  separated,  as  in  A,  for  zero  field  in  the  gap  (  ^  -  /J  2^) 

the  Fermi  levels  E^,  differ  by  the  amount 
the  difference  in  work  lunctions. 

The  Volta  potential,  v  or  contact  potential  difference  bet¬ 
ween  two  metallic  phases  is  defined  as  the  difference 
between  the  outer  potentials  of  the  phases,  when  in 
equilibrium,  i,e,  y  _  ^  ^ 

Since  E^  =  E+  e  (  ^  + 

Ej  -  ej^  =  E  +  eX  =  -  W 


therefore 


-v  =  J^  (Wg-W^). 


The  field  in  the  gap  is  equal  to  V/d,  v/here  d  is  the  gap 
spacing,  and  there  is  a  charge  on  each  electrode  given  by 

=  e  V/4nd. 

The  inner  potential  difference  between  t\70  metals  in 
equilibrium  is  the  Galvani  potential,  given  by 


-g  =  =  -i 


e 

=  1 
e 


(Wg-W^)  +  (%2-  \) 


For  the  semiconductor-metal  system  in  equilibrium  as  shown 
in  B,  it  is  necessary  to  take  into  account  the  potential  shift 
in  the  space- charge  region  of  the  semiconductor.  The 
GalTani  potential  is  given  as  above,  but  the  Volta  poten¬ 
tial  of  the  system  is  not  equal  to  l/e  (W^-W^^)  because  the 
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work  function  of  the  semiconductor  is  modified  by  the  inner 
potential  difference 

Thus  -V  =JL  (Wg-W^)  -  (4-jZ5g)2 
e 

and  the  Galvani  potential  can  be  written, 

-g=  _v+  (X,2-'X^)  +  (^-^^3)2 


The  terms  v  and  (^v“0  )  vary  with  the  gap  spacing  d  and  so 
the  Volta  potential  ii  not  solely  dependent  on  the  properties 
of  the  electrodes* 


6.4.6. 7*  In  the  presence  of  surface  states,  illustrated 
before  and  after  equilibria,  in  C  and  D,  the  interior  of 
the  semiconductor  is  screened  from  external  fields,  and 
this  reduces  the  dependence  of  the  Volta  potential  on  the 
gap  spacing.  The  Galvani  potential  g  and  the  charge  Qm 
on  the  metal  electrode  are  given  as  above,  but  in  equilibrium 
the  condition  for  electrical  neutrality  becomes 


Qm  +  Q  + 
sc 


Q 


ss 


«  0 


where  Q  is  the  charge  residing  in  the  space- 
charge  region 

Q  is  the  charge  in  the  surface  states 
ss  ® 


It  can  be  shown  tiiat  the  variables  d  and  Y  can  be  expressed 
in  the  equation 


d  [F(Y,u^)  +  (Y,u^)]  +  Y  =  constant 

^d 


where  d  is  the  gap  spacing 
is  the  Debye  length 

Y  is  the  sTirface  barrier  height 
u^  is  the  bulk  mobility 

A  is  a  constant 

Q  (l»^)  is  derived  from  the  surface  state  occupancy 
fSMctions,  For  a  high  density  of  surface  states,  Q 
is  a  rapidly  varying  function  of  Y  and  is  the  dominating 
term  in  the  equation.  Therefore,  the  equilibriiim  value 
Y  is  almost  independent  of  d  and  consequenently  v  is  edso 
independent  of  d,  as  Y  is  defined  as  equal  to  e/kT(0.jj-0g). 
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For  a  small  gap  and  in  the  presence  of  surface  states  the 
Volta  potential  v  is  nearly  equal  to  the  work  function 
difference,  as  shown  in  Fig,  18D, 

6.4.6, 8.  Fig.  18E  illustrates  the  effect  on  an  external 
voltage  V  applied  between  the  two  phases.  For  a  fixed  gap 
the  inner  potentieil  difference  between  the  phases 

is  given  by: 


(02“i^i)  =  V-g  =  +  constant 

where  H  is  the  outer  potential  difference  (.^2"^'])  ®'Oross 
the  gap,  (equal  to  the  Volta  potential  v  when  V^),  The 
constant  includes  surface  dipole  and  chemical  potential  terms 
independent  of  V,  It  is  required  to  decide  how  the  applied 
emf,  is  divided  between  the  surface  barrier  height 
and  H,  Now,  H  is  given  by  the  equation, 

H  =  -4ndQm/e 

=  (4nd/e)(Q3/«3; 

It  can  be  shown  that  the  equation  for  V  csui  take  the  form: 

V  =  f  d  -  kT  P(y,u^)  +  CQgg(Y,u^)]  +  kT.Y+  constant 
Ld  e  e 


In  this  equation  Y  and  V  are  considered  as  dependent  auid 
independent  variables.  As  Q  (Y,u^)  is  a  rapidly  varying 
function  of  Y,  it  follows  thaf  Y  must  be  nearly  independent 
of  V.  Thus,  Y  v/ill  remain  nearly  constant  and  equal  to  the 
equilibrivun  value  Yoand  the  applied  emf.  will  appear  almost 
entirely  across  the  gap.  The  space- charge  Q  is  also  nearly 
constant  as  Y  is  constant,  and  changes  in  Q  are  almost 
entirely  balanced  by  corresponding  changes  in  the  surface 
state  charge  Q  . 

SB 

6,4.7.  Application  of  the  potential  relationships  to 
the  practical  experiments. 

6.4.7. 1.  In  the  practical  case  we  have  studied,  of  the 
adsorption  of  water  molecules  on  a  germaniiun  surface,  we 
have  a  siurface  with  a  high  concentration  of  surface  states 
at  the  oxide-gas  interface.  There  is  a  oxide  layer  of 
appreciable  thickness  with  a  well-defined  dipole  layer  at 
the  surface,  due  to  the  adsorbed  water.  We  have  shown  that,  in 
the  case  of  a  high  concentration  of  siurface  states,  the 
Volta  potential  is  equal  to  the  difference  in  work  function 


between  the  metal  and  the  semiconductor.  Fig,19  shows  the 
energy  band  and  potential  diagrams  for  the  Ge/Pt  system,  with 
water  adsorbed  at  the  germanium  oxide  surface,  before  and  after 
equilibrium.  If  the  system  is  not  in  equilibrium,  which  is 
the  condition  under  which  the  measurements  have  been  made, 
the  potential  distribution  will  be  similar  to  that  in  Fig,  19A, 
It  is  assumed  that  there  is  no  field  in  the  gap,  and  in 
practice  the  gap  has  been  almost  eliminated,  by  contacting 
the  end  of  the  sxirface  dipole  layer  with  a  glass  fibre  probe. 

V/e  can  see  that  the  voltage  across  the  system,  apeurt  from  a 
small  contribution  "Xb . ,  is  equal  to  the  voltage  across  the 
dipole  layer  dX,  minusTC^^,  the  space-charge  potential. 

6,4. ?• 2.  To  examine  the  factors  involved  more  closely,  let 
us  consider  that  the  Pt/Ge  system  is  in  thermodynsunic 
equilibrium  as  in  Pig  I9B  and  derive  the  value  of  the  Volta 
potential  between  the  phases. 


The  Volta  potential  is  given  by 
e  ^ 

The  work  functions  of  platinum  and  germanium  are 


=  E 


Pt 


"Ge 


^^Pt 


where  E  is  the  chemical  potential  in  each  case  andX  is  the 
surface  dipole  term.  The  surface  dipole  term  for  germanium 
must  be  expanded,  as  shown  in  Sect. 6. 4. 6, 5,  to  include  terms 
for  the  inner  potential  difference  )  y  oriented  s\u:face 

dipoles  of  water  dX.  and  the  potential^dr§p  in  the  oxide  layer 

^1* 

Thus  -W^^=  E^^-e[  (0^-1^^)  +  dX.  +  0^] 

Therefore  -V=  (E^^-eE  (0^-0^)  +  dX,+  0^])  -  (Ej^+dJL^)] 

e 
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This  can  also  be  expressed  as 


where  g  is  the  Galvan!  potential 

6.4* 7< 3*  To  obtain  some  idea  of  the  relation  between  the 
potentials  measured  and  the  potential  across  the  water  dipole y 
we  must  make  some  estimate  of  the  other  terms  in  the  equation. 

In  fact*^.,  )  and  will  all  be  small.  Beurdeen  and 

Brattain  ^(l2)®hafe  shown  that  )  under  the  exi>erifflental 

conditions  we  have  been  using ,amo\ints^to  only  about  0.02v. 

We  can  also  conclude  that  as  the  oxide  Isyer  was  no  thicker 
than  about  10~5  cm. ,  and  so  could  not  support  much  of  the 
space -charge  region,  the  voltage  drop  in  the  oxide  ^is 
very  small.  Under  open-circuit  conditions,  the  voltage  across 
Ihe  system  is  then  almost  entirely  due  to  the  water  dipole 
term  dX«  When  the  system  is  brought  to  equilibrium,  the 
Volta  potential  will  approximate  to  l(Ep^-  E^j^) 

The  exact  vsilue  of  the  Galvani  potential  is  not  known  but 
the  term  l(Ep^-EQ^)  may  amount  to  1  or  2  volts,  so  that  the 
e 

total  potential  across  the  gap  may  be  1.3  to  2.3  volts. 

6.4* 7.4.  It  is  generally  agreed  that  water  is  adsorbed  on 
a  germanitan  surface  only  to  the  extent  of  one  or  two 
monolayers.  We  have  assumed  a  monolayer  for  our  calculation 
of  the  number  of  water  molecules  adsorbed  on  the  surface.  It 
should  be  noted  that  the  system  described  here  does  not 
agree  well  with  the  picture  given  to  othm  workers  of  adsorbed 
water  on  n-type  germanium.  Refs,  C70)(79),  It  is  coosnon  to 
describe  a  system  of  positively  charged  states,  created  by 
the  water  adsorption,  with  the  energy  bsmds  in  the  semiconductor 
bending  downwards,  to  give  a  negative  space- charge  region.  The 
picture  we  have  described  appears  to  be  a  better  approximation 
to  the  truth. 

6.4.8.  Discussion  of  experimental  results 

6.4. 0.1.  The  form  of  the  results  shown  in  Figure  20  shows 
little  dependence  on  the  type  of  germanium  used  or  on  the 
thickness  of  the  oxide  layer.  This  suggests  that  the 
observed  voltages  arise  mainly  from  the  interaction  of  the 
moist  ambient  with  the  outer  oxide  surface.  For  the 
elementary  case  of  a  single  layer  of  orientated  water  dipoles 
adsorbed  on  the  surface  the  voltage  developed  is  given  by 
Gauss's  theory  ast 
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V  =:  4nNq.d. 

where  V  =  volteige  2 

N  =  nvunber  of  adsorbed  water  moleculea/cm  , 
q.  =  electronic  charge. 

d  =  charge  displacement  -(=  about  10  cm.  for 
singly  ionized  oxygen). 

Thus,  if  V  is  taken  to  be  about  500  mV, 

N  «=  2.8  r  10^^. 

and  for  700  mV,  N  =  3.9  x  lO'^^ 

6.4. 6. 2.  The  a^eemert between  this  figure  and  the  values 
quoted  (75) (767  for  the  densily  of  slow  surface  states  is 
quite  good.  Thus,  it  may  be  passable  to  explain  the 
observed  voltages  by  a  mecheuiism  involving  the  adsorption 
of  orientated  water  dipoles  by  slow  surface  states.  To  do 
this,  it  is  necessary  to  postulate  feasible  energy  level 
diagrams  to  correspond  with  the  experimentally  observed 
behaviour  formally  given  in  Figure  20,  Unfortunately  little 
quantitative  data  is  available  pertaining  to  the  band 
structure  of  oxide  covered  semiconductors,  so  any  argument 
has  to  be  mainly  qualitative  in  nature. 

6.4. 8. 3.  Commencing  with  the  assumption,  that  the  initial 
source  of  the  observed  voltage  is  the  adsorption  of 
orientated  water  dipoles  by  slow  surface  states,  the  aain 
observations  requiring  explanation  are;  the  slow  decay 
curves,  the  rapid  rise  curves  following  a  short-circuit  and 
the  effects  of  an  applied  field.  It  is  relevant,  at  this 
point,  to  describe  the  deviations,  mentioned  earlier,  in 
the  normal  cycle.  Referring  to  Figure  20,  it  was  foimd 
that  a  mom&ntary  short  circuit  at  point  a  on  the  decay  ctirve 
resiilted  in  a  rapid  recovery  whilst  a  similar  procedure 

at  point  b  was  followed  by  a  slow  recovery.  The  general 
behaviour  is  shown  in  Figure  24.  The  point  of  interest  is, 
that,  despite  the  considerable  disttirbance  at  point  b,  the 
voltage  finally  returns  to  the  normal  decay  curve.  These 
observations  are  considered  to  indicate  that  the  source  of 
observed  voltage  during  decay  is  an  electronic  charge,  and 
not  adsorbed  water.  After  the  initial  adsorption  of  water 
it  is  assumed  tliat  the  dipole  is  completely  ionised  and  the 
•lowaco^tor  surface  state  becomes  negatively  charged. 

Since  the  hydrogen  atom  is  essentially  located  at  the 
electrostatically  zero  reference  point  it  must  be  considered 
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to  remain  neutral.  At  point  b  it  is  assumed  that  all  this 
water  has  been  adsorbed  from  the  surface  thus  leaving  it 
negatively  charged. 

6.4. 6.4.  In  considering  the  rate  of  decay  it  is  necessary  to 
look  at  the  main  regions  across  which  charge  may  migrate. 

These  are;  (i)  the  space  charge  in  the  germanium,  (ii)  the 
surface  states  at  the  Ge/Co  cxide  interface,  (iii)  the  oxide 
itself,  (iv)  the  oxide/ambient  interface  and  (v)  the  gap 
between  -^is  last  and  the  platinium  reference  electrcde.  The 
time  constant  of  the  observed  decay  curve  is  in  the  oirder  of 
several  minutes  which  is  unlikely  to  arise  from  processes 
occuring  in  regions  (i)  auid  (ii).  Also,  region  (v)  cm  be 
discounted  since,  at  the  meamired  imped^ce  of  oa.lO^^  ohms, 
this  has  a  time  constant  in  the  order  of  milliseconds.  This 
leaves  regions  (iii)  and  (iv)  as  possible  sources  of  the  slow 
decay  process.  Now, that  the  bulk  oxide  itself  is  a  good 
electronic  conductor  ic  amply  demonstrated  by  the  fact  that 
copious  electrolytic  reduction  can  be  performed  at  a  Ge/Ge 
oxide  electrode  in  solution.  Thus,  charge  transfer  across  the 
oxide  will  be  a  fast  process  and  cannot  be  the  cause  of  the 
observed  decay.  This  reasoning  is  stron^y  supported  ly  the 
fact  that  the  observed  decay  is  apparently  independent  of  the 
thickness  of  the  oxide  film.  It  must  be  tentatively  concluded, 
therefore,  that  the  oxide  surface  with  its  negatively  charged 
slow  surface  states  is  the  region  of  Interest.  It  seems 
possible  that  the  observed  decay  is,  in  fact,  a  direct  measure 
of  the  rate  of  releucstion  of  the  slow  states.  The  main 
featirres  of  the  experimental  results  are  illustrated  in 
Figures  21-23.  In  these  diagrams  the  full  width  of  the  chart 
corresponds  to  1.0  volt  whilst  the  spacings  marked  by  the  how, 
in  fact,  correspond  to  80  seconds.  In  Figure  21,  at  point  A, 
the  ambient  was  changed  from  moist  to  dry  oxygen.  At  point  B 
a  momentary  application  of  about  JOO  mV  external  field  gave 
rise  to  a  second  decay  curve.  In  figure  22  moist  ambient  was 
introduced  at  point  A  and  the  resultant  potential  growth  is 
shown.  At  point  B  the  system  was  momentarily  shorted  after 
which  the  rapid,  oscillatory  recovery  is  clearly  seen.  Point 
C  shows  the  affect  of  a  900  mV  external  field  whilst  at  point 
B  the  decay  ciurve  commences  as  a  result  of  changing  to  a  dry 
ambient.  Figure  23  shows  the  behaviour  of  the  rt-type  specimen 
after  it  had  been  boiled  in  sodium  hypochlorite  solution  for 
a  few  minutes.  At  points  A,  B  and  C  the  system  was  short 
circuited  and  the  rapid,  but  non-oscill&tory,  nature  of  the 
recovery  is  shown.  At  point  B  the  ambient  was  changed  to 
dry  oxygen  after  which  r  'narkedly  step-wise  decay  curve  resul- 
-ted. 
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6.4*8*3«  When  the  system  is  brou^t  into  equilibrium  by  an 
external  short- circuit,  we  con  calculate  the  charge  on  each 
electrode  on  eitiier  aide  of  the  gap.  In  our  experiments,  the 
gap  is  virtually  the  dipole  layer  of  water  molecules  itself, 
as  the  glass  fibre  probe  extends  to  the  germanium  surface. 

The  charge  on  each  electrode  is  given  by 

Q  =  v/4nd. 

where  v  is  the  Volta  potential 

If  we  take  v  as  the  difference  of  the  work  functions  it  will 
be  approximately  6. 5-4. 8,  cr  1.7  volts.  The  distance  d  would 
be  approximately  10“®  cm.  for  completely  ionized  oxygen. 
Calculation  gives  a  value  for  Q  =  9  x  10l3  electronic  charges 
per  cm2. 

Thus  the  original  ne^tive  charge  in  the  surface  states,  of 
3  or  4  X  10^3  per  cm^,  is  completely  neutralized  and  converted 
to  a  large  positive  charge.  This  positive  charge  would  have 
two  effects,  firstly  to  attract  a  higher  concentration  of 
water  molecules,  which  are  predisposed  to  yield  up  electrons, 
and  secondly  to  develop  a  negative  space-charge,  or  accumula- 
-tion  region,  in  the  semiconductor.  The  situation  is 
illustrated  in  Fig,  19B,  On  removing  the  short-circuit,  an 
excess  of  wat-.r  molecules  ore  associating  with  the  charged 
sxirface,  but  this  excess  positive  charge  is  rapidly  removed 
by  conduction  throu^  the  oxide  layer  and  germanium. 

The  oxide  siirface  is  temporarily  provided  with  a  much  higher 
concentration  of  water  molecules,  and  it  is  also  possible  that 
the  positive  charge  may  have  temporarily  created  a  hi^er 
concentration  of  surface  states.  The  water  dipole  system 
then  builds  up  v^iy  rapidly  and  overshoots  its  normal  level, 
because  of  the  higher  concentration  of  adsorbed  water.  The 
situation  is  rapidly  restored  by  a  loss  of  water,  within  a  few 
hundred  milliseconds,  and  the  potential  falls  rapidly.  In 
mary  instances  there  is  again  another  overshoot  in  the  down- 
-ward  direction,  the  reason  for  which  is  less  clear.  The 
second  overshoot  may  be  associated  with  eun  adjustment  of  the 
space-charge  region,  which  for  a  brief  period  has  developed 
a  hig^  non- equilibrium  concentration  of  holes,  due  to  the 
migration  of  the  positive  charge;  the  response  of  the  second 
overshoot  would  depend  to  some  extent  on  the  diffusion  rate  of 
holes  through  the  oxide  layer.  The  absence  of  overshoot  in 
some  samples  may  indicate  a  low  hole  mobility  in  the  oxide 
layer  of  those  samples. 
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6.4* 8. 6.  The  application  of  an  excess  positive  potential  to 
the  platinum  in  the  presence  of  water,  increases  the  field 
across  the  dipole  layer,  which  is  rapidly  discharged  on 
removal  of  the  potential.  In  some  experiments  it  was 
observed  that  the  potential  returned  rapidly  to  a  sli^tly 
higher  level  than  before,  suggesting  that  the  increased  field 
had  created  more  surface  states  at  the  oxide  surface,  or 
filled  some  higher  energy  levels. 

6.4.8. 7.  The  application  of  a  positive  potential  to  the 
platinum  electrode  in  the  absence  of  water  vapour  creates  a 
similar  condition  at  the  germanium  surface  to  the  effect  of 
water  molecules,  by  inducing  a  negative  charge  in  the  slow 
surface  states.  On  removing  the  potential,  we  observe  a  slow 
decay,  due  to  the  relaxation  time  of  these  states.  Section 

6. 4. 6. 8.  shows  that  the  applied  potential  will  appear 
entirely  across  the  gap. 

6.4. 8. 8.  The  origin  of  possible  potentials  in  the  10  volt 
region  still  remains  unsolved,  but  it  is  interesting  to  note 
that  if  the  charge  density  we  have  observed  in  the  water 
dipole  layer  existed  across  an  oxide  layer  of  only  10““  cm, 
thick,  a  value  of  10  volts  would  be  obtainable, 

6,4.8, 9«  The  decay  curves  obtained  on  removing  the  water 
vapour  from  the  oxygen  flow  indicate  that  the  slow  states 
normally  present  on  the  oxide  surface  have  relaxation  times 
of  the  order  of  300  to  500  secs,  A  stepped  structure  is 
found  in  the  decay  curves  for  many  samples,  but  the  definition 
of  these  steps  varies  considerably  and  their  interpretation 
would  have  to  await  further  investigation;  it  is  possible  that 
such  discontinuities  might  represent  the  relaxation  of  states 
at  different  energy  levels. 

6.4.8.10.  Potential  growth  rate  when  moisture  was  achnitted 
to  the  oxygen  flow  was  fairly  rapid  (taking  about  80  secs.) 
but  there  was  usually  a  much  smaller  slope  towards  the  end 
of  the  growth  curve,  sometimes  containing  steps,  suggesting 
a  slow  final  orientation  of  the  water  layer.  The  growth  and 
decay  times  are  more  rapid  them  those  observed  by  Bardeen  and 
Brattain  probably  because  of  the  longer  response  time 

of  their  appeu:atu3, 

6.4.8.11.  A  few  comparative  experiments  were  made  on  200  ohm-om, 
p-type  silicon,  platinum,  brass  and  stainless  steel.  The 
silicon  showed  some  similarities  to  germanium  in  that  it  was 
possible  to  charge  the  surface  states  by  applying  an  external 
field,  and  obtain  a  decay  curve.  The  potential  attained  in  wet 


75 


oxygen  was  much  lower,  suggesting  a  small  adsorption  of  water, 
but  this  may  have  been  the  result  of  incorrect  surface 
prepetration.  Further  work  would  be  required  before  any 
meaningful  comparisons  could  be  made.  Platinum,  as  expected, 
showed  no  potential  laider  dry  or  wet  ambients.  Both  brass 
and  stainless  steel  gave  indications  of  growth  and  decay 
CTorves:  this  is  very  interesting  and  points  tha  way  to  the 
possibility  of  studying  oxide  films  on  metals  by  this 
technique. 

6.4.8.12.  Etching  procedures  had  some  influence  on  the 
potentials  obtained,  hi^er  values  generally  being,  produced 
by  sodium  hypochlorite  treatment,  which  gave  a  visible  oxide 
film.  The  curves  obtained  with  surfaces  prepeured  by  chemical 
etching  contained  more  small  irreguleurities  than  those 
obtained  with  surfaces  prepared  by  anodizing.  The  difference 
suggests  that  chemically  etched  surfaces  give  patchy  oxide 
films,  while  anodized  films  have  a  more  ol^dered  and  imiform 
structure:  this  conclusion  is  also  supported  by  the  appearance 
of  the  films. 

(l?) 

6.4. 8. 13*  Hannan  et  al.'  have  recently  carried  out  an 
interesting  measurement  of  water- induced  surface  states 
on  silicon,  using  porous  graphite  electrodes  ^d  a  pulse 
technique.  They  arrive  at  a  figure  of  5  x  Kr'Vcm^.  Our 
preliminary  tests  indicated  that  the  density  on  silicon  was 
less  than  on  germanium  and  it  would  be  useful  to  carry  out 
comparative  experiments  by  oiuf  method. 


7.0  CONCLUSIONS 


7.1  The  final  products  of  the  photoxidation  of 
benzaldehyde  at  a  germanium  surface  are  benzoic  acid  and 
dibenzoyl  peroxide.  No  indications  of  other  possible 
products,  such  as  benzil  or  benzoin  have  been  found. 

7.2  Repeat  experiments  of  surface  potentials  on 
germanium  have  not  in  general  confirmed  the  high  potentials 
previously  recorded,  except  in  a  few  isolated  experiments. 

An. analysis  of  the  operation  of  the  backing>off  circuits,  used 
for  the  indirect  measurement  of  potentials,  has  shown  that 
misleading  resultscen  be  obtained.  The  maximum  voltages 
previously  obtained  are  estimated  to  be  of  the  order  of 
10  volts. 


7»3  use  of  a  glass  fibre  probe  in  conjtmotion  with 

a  d^ect-reading  eleotroneter,  with  an  input  impedance  of 
10*5  to  lO^®  ohms  has  enabled  accurate  aid  reproducible 
measurements  of  surface  potential  to  be  made.  The  voltage 
obtained  in  wet  oxygen  is  normally  in  the  r&mge  300  to  TOO  mV | 
depending  to  some  extent  on  the  oxide  film  on  the  germanium, 

7.4  The  time-voltage  curves  obtained  for  the 

experiments  under  various  conditions  have  provided  useful 
information  on  the  properties  of  the  slow  states  at  the 
germanium  oxide-gas  interface.  The  maximum  potential  obtained, 
shown  to  be  due  to  an  ionized  layer  of  water  moleo^es, 
corresponds  to  a  slow  state  density  of  3  to  4  *  10^5  per 
cm^.  The  rate  of  decay  of  the  charge  remaining  in  the  slow 
states  after  the  removal  of  water  molecules  indicates  releuc- 
ation  times  of  300  to  300  seconds  in  most  of  the  samples 
tested. 


7.5  Some  unusual  features  observed  on  the  curves 
include  a  step-like  stricture  in  some  of  the  decey  curves, 
eind  an  oscillatory  behaviour  after  a  momentary  short- 
circuit  (to  bring  the  system  to  thermodynamic  equilibrium). 
The  step  structure  mi^t  be  associated  with  different 
energy  levels  in  the  spectrum  of  states,  while  the 
oscillatory  behaviour  is  produced  by  an  adjustment  of  the 
non-equilibrium  concentration  of  water  molecules  at  the 
surface  and  changes  in  the  space- charge  region. 

7.6  No  great  differences  have  been  observed  between 
n-lype,  p-type  and  intrinsic  germanium,  which  indicates  that 
the  surface  potential  behaviour  is  almost  entirely  a  function 
of  the  oxide  layer.  It  is  possible  from  the  variations 

in  the  time-voltage  curves  between  different  samples  to  make 
qualitative  deductions  about  the  structure  and  carrier 
mobilily  in  the  oxide  film. 

7«7  Siirface  recombination  measurements  on  germanium 

seunples  treated  with  irradiated  benzaldehyde  show  a  small 
but  definite  decrease  in  surface  recombination  after  treat¬ 
ment.  Together  with  indications  of  increased  surface  barrier 
height,  given  by  the  rectification  experiments,  the  decrease 
in  surface  recombination  velocily  shows  that  the  benzaldehyde 
treatment  may  be  a  good  finishing  process  for  the  surface 
of  semiconductor  devices. 
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7*8  Increases  in  the  photocurrent  from  a  surface 

barrier  diode  have  been  obtained  by  the  application  of  a 
film  of  benzaldel^de.  The  increase  in  efficiency  has 
been  correlated  with  the  quantum  efficiency  of  the 
photochemical  reaction,  by  the  principles  of  oharge> transfer 
oatcdysis. 
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